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INTRODUCTION 


The  purpose  of  this  task  was  to  determine  the  present  status  of 
the  ATCRBS  interference  envlronaant  as  caused  by  multiple  Inter¬ 
rogators  and  transponders,  and  how  this  interference  impacts  the 
performance  of  the  system.  It  was  hoped  that  these  results  would; 

(a)  provide  pertinent  data  and  an  indication  of  the  existence  of 
mutual  interference  between  FAA  and  nearby  DOD  eites,  and  ludi- 
cata  whether  cooperative  efforts  between  these  users  are  required; 

(b)  provide  a  basis  for  predicting  the  future  stste  of  ATCRBS 
system  performance;  and  (c)  enhance  the  capabilities  of  simulation 
models  being  developed  by  ECAC  and  TSC,  by  providing  a  deeper 
insight  into  the  exlaciug  status  of  the  system. 

The  effort  was  focused  on  obtaining  data  in  a  coordinated  ground- 
air  experiment  near  a  high-denslty  terminal.  Measurements  were 
conducted  in  such  a  manner  as  to  disclose  the  esuses  of 
interference  as  wall  as  the  result  of  the  Interference.  The 
results  of  the  measurements  were  then  projected  into  the  future 
to  account  for  future  increases  in  air  traffic.  The  measurements 
and  projections  were  also  related  to  their  effects  upon  ATC  system 
operation,  by  the  utilization  of  existing  simulation  models  of 
the  ARTS  III  and  TPX-42  systems.  Concentration  was  placed  on 
achieving  an  early,  reliable  result,  snd  on  providing  a  minimum- 
cost  program.  Maximum  use  was  made  of  existing  equipment,  such 
as  the  instrumented  van  at  MITRE;  maximum  use  was  also  made  of 
existing  models  of  the  ARTS  III  and  TPX-42  processors,  kc.'ults 
are  in  a  form  useful  for  the  development  of  computer  models  of 
the  ATCRBS  environment  and  for  DABS  planning  purposes. 

1.1  Approach  and  Specific  Work  Activitlee 

Ground  and  airborne  instrumentation  systems  were  used  to  measure 
the  effects  of  self-interf erence  of  the  Radar  Beacon  System  in  s 
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high-density  '  lvironaent.  ’  In  parallel  with  the  maatu,emsnt 

and  1 to  subsequent  analysis,  an  Investigation  using  existing 

compu t er-slmulai Ion  models  of  the  ARTS  III  and  TPX-42  systems 

was  conducted  to  assess  the  impact  of  various  levels  of  lntor- 

3  4 

ference  oi.  measurable  psrameteis  of  these  systems.  ' 

The  experimental  program  w.-.e  specifically  designed  so  that  such 
equipment-sensitive  parameters  as  RF  signal  strength,  the  inter¬ 
rogator  antenna  pattern,  .mil  the  aircraft  antenna  pattern,  did 
not  impact  the  results.  The  detei mination  of  auch  envlronner.tal- 
sensilive  parameters  as  the  number  of  replies  by  the  lnstrumonted 
efrriaft  to  the  Instrumented  interrogator,  the  level  of  asynchro¬ 
nous  Interference  (fruit),  and  the  number  of  Interrogators  and 
transpi  nders  It,  the  environment  were  Included  in  the  program. 

In  addition,  the  aircraft  vas  equipped  to  indicate  the  reason 
for  any  miering  replies  -  whether  It  be  caused  by  dead-time 
resulting  from  a  response  La  a  normal  interrogation,  an  SLS 
signal.  or  reply-rate  limiting. 

While  the  experimental  program  was  conducted,  the  impact  of 
Interference  on  the  seal-automatic  TPX-42  system  and  the  automatic 
ARTS  III  system  was  examined.  This  was  accomplished  by  axerclalng 
existing  simulation  models  to  determine,  as  a  function  of  various 
levels  of  reply  probability  and  fruit,  such  factors  as  probability 
of  detection,  azimuth  splits,  azimuth  accuracy,  and  code  valida¬ 
tion.  For  the  ARTS  III  system,  further  factors  of  track  coast  and 
track  dlsassc elation  were  determined. 

The  results  of  the  above  Investigations  were  used  to  relate  the 
present  status  of  ATCRBS  to  scan-independent  factois  of  inter¬ 
ference;  by  projecting  for  future  traffic  densities,  a  forecast 
was  developed  of  future  statue. 


1-2 


The  following  ■action  briefly  review*  the  way  In  which  the 
Interference  measurements  exper leant  w*a  Implemented.  Parameters 
measured  And  Ihe  nrint  tor  synchronizing  the  uplink  and  downlink 
data  record*  ate  also  outlined. 

Section  3  summarizes  the  teat  raaulta  for  the  Maw  York  and  Boston 
areas.  These  results  are  analysed  and  compared  with  predicted 
values  based  on  an  earller-ueveloped  model  of  Interference  circum- 
atancee.  Both  the  interference  envlroiament  and  Its  relationship 
to  Its  causes,  as  well  as  equipment  performance  vulnerability 
to  these  effects  are  considered.  The  treatment  In  this  section 
and  In  Appendix  A  includes  certain  short  term  characterlatica 
as  well  as  average  features.  Some  cobbu,..:^  regarding  particular 
equipment  design  aspe.  ts  are  alao  related  to  these  efforts. 

Sections  4  and  S  give  a  avnopnie  of  the  extent  of  ART?  Ill  and 
TPX-42  performance  degradation  produced  by  lnierf erec.c. .  These 
results  are  based  on  computer  simulations  utilizing  statistical 
description  of  the  Input  environmental  conditions. 

General  consent*  and  recommendation*  baaed  o..  idle  total  effort 
are  then  given  in  Section  6.  This  auction  alao  illustrate*  how 
these  results  may  be  employed  In  forecasting  the  average  system 
characterlatica  as  a  function  of  Interrogator  population  and 
air  traffic  count. 

Summaries  of  three  of  the  principal  tasks  in  thlr  program  are 
Included  in  this  report  as  appandlciea.  Simulation  of 
the  ARTS  111  performance  degradation  In  the  Interference  en¬ 
vironment  ia  reviewed  in  Appendix  D;  a  similar  treatment  of  the 
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TPX-42  study  is  given  io  Appendix  E.  Implementation  of  the 
expeitaental  effort  and  a  aumry  of  the  flight  taut  program 
are  contained  in  Appendix  7.  Each  of  thaee  overviews  la  extracted 
from  the  .pertinent  final  report. 
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2.  MUTUAL  INTERFERENCE  MEASUlPgHTS 

Synchronized  measurements  of  the  ATCRBS  uplink  and  downlink 
interference  condition  were  conducted  in  the  vicinities  <f  New 
York  and  Boston.  Appendix  C  reviews  this  experimental  arrange¬ 
ment  as  well  as  the  monitoring  methods  employed  to  estimate  the 
population  of  the  producers  of  these  interference  conditions. 

The  following  is  a  brief  summary  of  the  measurements  program. 

2.1  Measured  Parameters 

The  Interrogator  van  was  Instrumented  for  tracking  the  teat 
aircraft  position  on  a  acan-to-acan  basis.  Curing  the  scanning 
beam  dwell  interval,  the  interrogator  uniquely  addressed  the 
test  transponder  with  a  Mode  0  interrogation  sequence.  The 
attempt  of  the  tracking  arrangement  waa  to  center  this  aeries  of 
interrogations  about  the  beam  maximum  as  it  illuminated  the  teat 
aircraft.  Synchronizing  signals  were  transmitted  to  the  aircraft 
at  the  beginning  and  end  of  this  series  of  Mode  D  interrogations; 
theae  synchronizing  signals  simultaneously  turned  the  airborne 
and  ground  data  collection  systems  on  and  off.  Between  thaae 
beam  dwell  intervale,  each  of  these  systems  separately  monitored 
the  Interference  conditions  an  the  uplink  end  on  the  downlink. 

Monitoring  of  the  signal  strength  and  the  tracking  loop  condition 
was  used  on  both  the  ground  and  airborne  units  to  flag  data  If 
a  solid  link  was  not  established.  purpose  of  these  flags 
was  to  Insure  to  the  maximum  extent  possible  thst  the  uplink  sr* 
downlink  failures  recorded  in  the  experiment  were  isolated  to 
failures  solely  attributable  to  the  measured  interference  condi¬ 
tions. 
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2.1.1  Uplink  Measurements 

Uplink  interference  conditions  Influence  whether  or  not  s 
transponder  will  be  busy  when  Interrogated  by  a  particular  unit. 
Both  the  Interrogation  rate  and  the  side  lobe  inhibit  rate  are  of 
Interest  in  this  regard.  lr  an  attempt  to  relate  these  inter¬ 
ference  rates  to  the  transponder  reply  probability,  the  experiment 
was  configured  ao  that  the  number  of  replies  to  unique  Interroga¬ 
tions  (Mode  D)  were  counted  over  the  same  Interval  in  which 
Interference  rates  were  monitored.  The  transponder  used  in  the 
teat  aircraft  was  operated  aa  a  normal  ATCRBS  unit  augmented  by 
Inhibit  lines  which  prevented  a  reply  to  a  unique  Interrogation 
when  the  urut  had  been  captured  by  a  previous  normal  node  inter¬ 
rogation  or  9ide  lobe  inhibit  signal. 

The  aim  of  the  experiment  was  to  collect  these  data  over  the 
bean  dwell  interval  conalstlng  of  ten  unique  address  Interrogation 
periods  centered  about  the  beam  maximum.  The  total  length  of 
this  data  collection  interval  waa  38  ms;  this  represented  the 
finest  level  of  resolution  of  interference  variations  directly 
measured  in  the  experiment.  This  sample  of  the  uplink  environment 
was  only  possible  once  per  seen  of  the  interrogator  beam;  an 
additional  measure  of  the  Interrogation  was,  however,  obtained 
from  the  calibrated  reply  rate  limit  voltage.  Counts  of  the 
Interrogation  and  suppression  rates  were  also  made  over  t.ie 
approximately  seven  second  scan  period  between  beam  dwells. 
Collecting  data  in  this  way  over  these  integration  intervals 
thus  enabled  some  assessment  of  the  burst  characteristics  of  these 
rates.  In  summary,  then,  the  following  measurements  were  made  on 
the  uplink: 
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1.  Mode  3A  and  Mode  C  combined  interrogation  replies  over  « 

38  ns  dwell  period,  froa  the  celibreted  reply  rate  Unit 
voltage,  an<i  also  over  a  seven  second  scan  period. 

2.  SLS  inhibits  over  the  sane  intervals  of  38  ns  and  seven 
seconds. 

3.  Number  of  Mode  D  replies  made  over  the  36  ms  dwell  Interval. 

Contributions  to  this  environment  by  the  test  interrogator  were 
minimized  by  reetrictlng  Its  Mode  D  operation  to  the  Interval 
needed  for  the  tracking  gates;  Mode  3A  radiation  was  employed 
only  at  10  minute  intervals  for  several  acan  period*  while  traffic 
distributions  were  photographed. 

2.1.2  Downlink  Meaeurements 

Downlink  Interference  may  garble  or  overlap  the  transponders 
reply  thereby  preventing  detection  or  code  validation.  Asynchro¬ 
nous  interference  or  fruit  is  produced  by  aircraft  (within  range 
of  the  interrogator  receiver)  when  they  ere  interrogated  by  other 
units. 

Both  the  temporal  and  the  spatial  features  of  this  fruit  distri¬ 
bution  are  of  lncsrest.  Normal  opsratlon  of  the  van  Interrogator 
therefore  measured  fruit  rates  during  the  38  ms  dwell  time,  and 
over  the  oeven  second  scan  interval.  Periodically,  these  measure¬ 
ments  were  interrupted  and  the  azimuthal  variation  of  the  fruit 
distribution  was  monitored  over  consecutive  18  degree  sectors 
during  one  antenna  ecan. 

2.2  Teat  Program 

A  detailed  description  of  the  test  Implementation  and  the  flight 
teat  program  in  the  New  York  area  is  found  in  the  above-mentioned 
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appsodix.  A  similar  description  for  meesureaaats  in  the  vicinity 
of  Boston  la  giv.n  in  Reference  2,  Tim  majority  of  tha  data  were 
obtainad  during  circular  or  radial  flights  with  refcranca  to  the 
teat  van  interrogator.  Flight  duratione  wara  nominally  two  houre 
at  altitudes  of  7.5Kft.  or  9.(JKft. 

Coordinatea  uplink  and  downlink  measureaents  were  obtained  in  tha 
teat  flight  series .  The  interrogator  population  producing  uplink 
conditions  was  estimacsd  from  FAA  file.,  and  the  aircraft  distri¬ 
bution  associated  with  the  dovalink  interfarenc.  wae  determined 
from  scope  photographs  periodically  made  during  the  test  duration. 
All  of  these  features  of  the  interference  environment  were  con- 
aidered  in  the  analysis  And  interprttation  of  the  test  results. 
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3.  FLIGHT  TEST  RESULTS  AND  ANALYSIS 

Data  reduction  was  accomplished  by  processing  the  synchronized 
ground  and  airborne  tapes.  Scan  by  scan  records  cf  uplink  and 
dowulink  conditions  were  thus  available  both  for  examination  of 
the  variational  characteristics  of  the  data  as  well  as  for  compari¬ 
son  against  the  related  sources  of  interference,  i.e.,  the 
interrogator  and  transponder  populations.  In  addition  to  these 
scan  by  scan  records  of  coordinated  Interference  conditions,  the 
processing  program  also  provided  a  statistical  analysis  of  measure¬ 
ments  over  specified  Intervals. 

Average  values  of  these  analyses  were  compared  with  an  earlier 
developed  model  output  to  determine  to  what  extent  the  average 
performance  of  ATCRfiS  could  be  related  to  interference-producing 
sources.  The  distribution  features  measured  in  the  data  collected 
were  compared  with  analytical  model  to  determine  whether  or  not 
burst  characteristics  in  the  data  could  be  accounted  for  on  the 
basis  of  statistically  independent  events. 

Coordinated  determinations  of  the  interrogator  and  aircraft 
populations  are  described  next;  the  uplink  and  downlink  inter¬ 
ference  environments  are  then  compared  with  predicted  values. 

An  examination  of  beacon  equipment  response  to  these  Interference 
conditions  concludes  this  section. 


3.1  Interference  Sources 

Uplink  interrogation  and  suppression  rates  are  determined  by  the 
population  and  characteristics  of  the  interrogators  within  the 
field  of  view  of  the  aircraft.  Since  virtually  all  units  within 
line  of  sight  will  provide  above  minimum  chreahold  level  (MTL) 
signals  on  their  main  beams,  it  is  not  of  first  order  importance 
what  their  specific  locations  are  in  terms  of  the  expected  average 
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Interrogation  rate  when  these  unite  ere  SLS  equipped.  The  side* 
lobe  Inhibit  rate,  however,  should  be  eore  sensitive  to  the 
relative  location  of  the  aircraft  and  interrogators  since  the 
side  lobs  response  range  is  on  the  order  of  tens  of  miles  end 
units  beyond  this  range  therefore  will-  not  contribute  to  the  SLS 
couut . 

Downlink  fruit  rates  ore  determined  by  the  reply  rate  of  the 
aircraft  within  range  of  the  Interrogator  and  so  are  critically 
dependent  upon  the  distribution  of  the  traffic.  This  distribution 
is  particularly  Important  in  rema  of  the  nlnor  lobe  contribution 
to  the  total  fruit  rate. 

The  next  two  sections  describe  how  these  contributing  sources 
were  monitored  In  the  test  program.  Implications  of  thesm  factors 
are  then  treated. 

3.1.1  Interrogator  Population 

A  list  of  Interrogators,  their  locations,  and  thalr  general 
characteristics  was  provided  by  the  FAA.  A  search  routine  centered 
at  the  test  aircraft  location  was  used  to  cull  from  this  list 
those  units  within  radio  line  of  eight.  This  number  varied  in 
the  New  York  area  from  36  to  42  over  the  flight  of  2/9/72  end  was 
nominally  26  for  the  flight  of  2/11/72.  The  number  for  Che  flight 
of  2/16/72  varied  from  40  to  42. 

The  retrieval  program  enables  an  actual  determination  of  this 
authorized  interrogator  population  distribution.  Since,  as 
Indicated  in  Reference  3,  this  precise  distribution  doss  not 
critically  affect  the  analysis  of  average  uplink  characteristics 
(except  for  SLS  inhibit  rates),  we  will  only  note  here  Chat  the 
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total  number  of  Interrogators  Indicated  for  a  flight  altitude 
of  7.5  thousand  feet  are  in  close  agreement  with  other  assess¬ 
ments.  A  more  refined  treatment  of  the  impact  of  the  Interrogator 
distribution  is  possible,  of  course,  since  the  required  data  is 
available.  Limitations  on  the  scope  of  the  efforts  prevented 
this  approach  at  this  tike  however. 

3.1.2  Traffic  Distribution 

Airborne  transponders  out  to  a  aaxlaum  displayed  range  of  160 
Biles  from  the  interrogator  were  aonltoved  by  periodically 
photographing  the  scope  while  interrogating  on  Hode  3A.  Such 
photographs  were  taken  on  en  approximately  ten  alnute  basis  at 
both  the  test  van  and  at  the  nearby  JFK  tower.  Counts  thus 
obtained  agreed  to  within  several  percent,  indicating  that  siting 
or  antenna  lobe  characteristics  did  not  critically  alter  the 
measure. 

The  photographed  displays  were  segmented  into  10  mile  range 
Intervals  and  an  aircraft  count  within  each  interval  waa  recorded. 
Cumulative  distributions  of  the  percent  of  the  totel  traffic 
within  these  range  intervale  were  then  averaged  over  the  flight 
time  and  plotted  verses  the  rang*.  These  plots,  of  which  Figure 
3-1  is  typical.  Indicated  Chat  the  noraalltad  cumulative  traffic 
distributions  were  proportional  to  the  range,  at  least  out  to 
40  or  50  miles,  on  all  days  monitored.*  The  total  count  out  to 
160  mile6  averaged  over  the  flight  of  2/9/72  was  160  tra*  nonder 
equipped  aircraft.  The  average  total  number  for  the  flight  of 


*thia  figure,  as  well  as  other  program  results,  is  extracted  from  the 
appropriate  reference. 
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2/11/72  was  150  aircraft,  and  for  2/16/72,  the  count  was  about 
140.  The  peak  variation  on  these  totals  over  the  data  collection 
interval  was  on  the  order  of  +  10%. 

3.2  Interference  and  Performance  Measurements 

Reply  rates  to  Mode  3A/C  interrogations  monitored  by  the  per  dwell 
count,  the  per  scan  count,  and  the  calibrated  overload  control 
voltage  were  converted  to  per  second  rates.  The  same  conversion 
was  applied  to  the  SLS  count  for  both  the  dwell  interval  and  scan 
period  records.  Monitored  fruit  rates  on  the  downlink  were 
similarly  treated.  These  sampled  data  enable  a  separate,  but 
coordinated,  representation  of  the  uplink  and  the  downlink  inter¬ 
ference  conditions  produced  by  the  monitored  traffic  and  interro¬ 
gator  populations.  Synchronization  of  the  airborne  and  ground 
data  collection  systems  also  provided  a  correlated  measure  of  link 
performance  for  this  interference  condition. 

3.2.1  Uplink  Measurements 

The  uplink  measure  was  obtained  on  a  scan  to  scan  baBis  by 
recording  the  number  of  Mode  D  interrogations  made  while  the  beam 
illuminated  the  test  aircraft;  synchronized  initiation  of  a  counter 
in  the  aircraft  recorded  the  number  of  times  to  which  the  trans¬ 
ponder  replied  to  Mode  D  during  this  dwell  period.  The  statistical 
average  of  this  ratio  is  then  a  measure  of  the  transponder  average 
reply  probability.  An  noted  before,  a  record  of  Mode  3A  and  C 
replies,  and  SLS  inhibits  occurring  during  each  of  these  dwell 
periods  was  also  obtained.  These  data  were  used  to  infer  (on  a 
statistical  basis)  the  cause  of  failure  of  the  transponder  to 
reply  to  any  of  these  valid  Mode  D  interrogations.  These  statis¬ 
tical  Inferences  were  supported  by  similar  data  monitored  on  the 
seven  second  scan  interval  basis. 
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3.2.2  Downlink  .teasureaenta 

Downlink  Interference  of  transponder  replies  due  to  asynchronous 
fruit  was  similarly  examined  from  the  scan  synchronised  records. 
Incident  fruit  (bracket  pairs  per  second)  was  recorded  during 
the  interval  in  which  the  ten  possible  replies  were  expected 
from  the  Mode  D  equipped  test  aircraft.-  The  sctual  sequence  of 
these  ungarbled  replies  was  recorded  from  the  contents  of  a 
synchronized  shift  register  clocked  from  the  Interrogator  repeti¬ 
tion  rate.  A  one  in  a  shift  register  bit  position  indicated  that 
the  transponder  replied  and  that  this  reply  was  received  without 
overlap  from  an  interfering  fruit  reply.  A  *ero  was  recorded  at 
any  bit  position  corresponding  to  either  failure  of  the  transponder 
to  reply,  or  to  garbling  of  this  reply  by  incident  fruit.  A 
reply  by  reply  distribution  of  the  two-way  round  reliability 
features  of  the  ATCRBS  site  was  thus  available. 

The  difference  in  the  total  number  of  replies  received  in  the 
clear  at  the  interrogator  and  the  total  number  of  Mode  D  replies 
recorded  lr  the  aircraft  over  the  corresponding  beam  dwell 
interval  provided  a  measure  of  the  number  of  replies  garbled  or 
overlapped  by  fruit  replies.  Statistical  averaging  of  these  counts 
indicated  the  average  probability  of  a  garbled  reply  for  the 
detector  used  in  che  experiment.  This  measure  could  then  be 
compared  with  the  fruit  rate  averaged  over  these  same  intervals  to 
determine  the  extent  of  correlation  between  fruit  rate  end  t’c 
probability  of  it  garbling  .1  desired  reply. 

Fruit  monitored  on  the  above  basis  is  perhaps  the  closest  approxi¬ 
mation  to  what  a  similar  operational  site  might  experlsnca  except 
for  the  fact  that  no  defruiter  was  used  in  the  measurement.  Addi¬ 
tional  information  on  che  temporal  and  spatial  distribution  of 
these  asynchronous  replies  waa  obtained  by  integrating  the  fruit 
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count  over  the  reaeinder  of  the  antenna  scan  after  the  target 
dwell  interval,  and  alao,  by  periodically  changing  the  operational 
node  so  that  fruit  vae  aonltored  in  aucceeelve  eighteen  degree 
atimuchal  sector*  during  eoaw  scans. 

AMllUl 

Presentatlona  of  sobc  of  the  more  detailed  aapecta  of  the  results 
obtained  are  given  in  Reference  2  for  the  Boston  teats,  and  in 
Reference  1  for  the  Mew  York  tests.  Raphaels  in  this  section  lb 
placed  on  the  average  values  of  the  properties  of  Interest  since 
these  averages  are  potentially  the  aoet  useful  index  for  describing 
and  forecasting  overall  behavior  of  the  ATCRBS  operational  net¬ 
work.  Short  tern  system  effects  are  examined  in  this  report  only 
to  the  extent  required  to  support  the  above  efforts. 

j  1.  lypjc*1  tecdsp, 

Aggregate  behavior  of  the  per  dwell  aonltored  Interference  con¬ 
ditions  is  shown  in  Figure  3-2  along  with  the  treneponder  reply 
probability,  the  two-vey  round  reliability,  end  the  beacon  equipped 
traffic  count  for  the  flight  of  2/9/72  in  the  New  York  area.  These 
data  are  eaooched  over  adjacent  ten  Minute  eectione  of  the  ground/ 
flight  records. 

From  these  variations  it  would  appear  that  the  transponder  reply 
probability  and  the  round  reliability  are  reasonably  well  correlated 
when  consideration  is  made  for  the  3A/C  reply  rate  variation  and 
the  Indicated  fruit  rates.  Similarly,  Che  fruit  rate  seems  to  vary 
approximately  as  expected  for  the  indicated  changes  in  3A/C  reply 
rate  and  traffic  count.  It  is  doubtful  that  an  extremely  high 
level  of  correlation  would  occur  for  tome  of  these  parameters 
even  though  they  may  be  deterministically  related,  since  their 
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SIOELOBE  SUPPRESSIONS  PER  DWELL  (SEC  ').  MODE  3/AC /  REPLIES 
PER  DWELL  (SEC  *1.  BEACON  EQUIPPED  AIR  TRAFFIC  COUNT 
IN  160  NJM  RADIUS 


magnitudes  are  relatively  low;  tha  Indicated  change  In  SLS  rata, 
for  example,  doaa  not  noticeably  altar  tha  round  reliability, 
aince  even  chie  peak  level  of  SLS  occurrences  ia  negligible  In 
its  Influence  on  link  perforaanca. 

Valued  shown  In  Figure  3-2  reflect  temporal  variations  in  the 
Interference  conditions  as  wall  aa  changes  in  tha  gaoaatry  of 
the  relationships  between  the  aircraft,  the  interrogator,  and 
the  air  traffic  distribution#.  Tha  geoaetry  changes  occur  as 
the  teat  aircraft  position  and  tha  traffic  distribution  change 
over  the  Interval  of  time  examined.  Although  a  detailed  treat¬ 
ment  of  such  variations  nay  be  useful  in  the  assessment  of 
particular  circumstances,  the  required  level  of  complexity  appears 
to  be  incompatible  with  the  usual  level  of  knowledge  available 
in  nost  planning  and  forecasting  efforte.  The  approach  adopted 
in  this  work  is  therefore  one  that  bases  prediction*  and  inter¬ 
pretation  on  statistical  averages  with  the  ahort  term  variations 
indicating  the  general  deviations  from  thasa  averages  which  would 
be  expected.  This  arguae.it  may  be  aost  convincingly  fraaed  by 
reflecting  on  the  process  normally  asooclatsd  with  the  establish¬ 
ment  of  creditability  to  any  simulation  model  analysis  -  when 
possible,  this  is  achieved  by  perforaing  critical  experiments  and 
comparing  measured  results  with  those  predicted  by  the  model. 

After  the  analytical  model  has  bean  thus  validated,  it  nay  then 
be  used  to  predict  or  extrapolate  to  other  conditions.  The 
essential  point  to  be  made  here  la  that  the  level  of  reflneaent 
in  the  experiment  and  the  model  are  generally  compatible-  Average 
values  lend  themselves  to  such  treatments  with  the  results  then 
perturbed  by  short  term  variation*.  Thia  concept  le  used  in  the 
following  assessment  of  the  measured  data. 
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Figure  3-2  le  typical  of  moat  of  the  raaulta  obtained  during  the 
approximately  10  houra  of  data  collection  In  the  teat  program. 

One  flight,  however,  that  of  2/11/72,  aeeaed  to  be  subjected  to 
an  unusually  high  level  of  Node  D  interference  preeumebly  origi¬ 
nating  in  the  vicinity  of  Fort  Monmouth.  Thia  data  la  not  used 
in  the  following  examination  of  average  characteristic*  although 
it  is  used  to  illustrate  how  one  of  the  measurements ,  reply 
probability,  is  especially  sensitive  to  these  uncontrolled  aspects 
cf  the  experiment. 

3.3.2  Average  Characteristics 

The  interference  phenomena  represented  in  Figure  3-2  were  also 
averaged  over  adjacent  time  intervale  of  39,22,  and  20  minutes. 
These  data  are  shown  in  Table  3-1  with  similar  results  from  the 
flight  of  16  February  in  the  New  York  area;  smootnlng  Intervals 
for  the  latter  flight  were  approximately  one  hour  for  each  seg¬ 
ment.  Similar  averages  were  also  made  for  flights  in  the  Boston 
area.  The  tabulated  date  summarize  the  average  uplink  anc  down¬ 
link  interference  conditions  as  determined  from  the  various 
monitoring  techniques  employed. 

Uplink  average  interrogation  rates  are  listed  on  s  per  second 
basis  and  are  the  sums  of  Mode  3A  and  C  interrogations.  Values 
indicated  by  the  calibrated  automatic  overload  control  voltage 
are  labeled  AOC,  those  computed  from  the  total  count  over  an 
antenna  scan  period  of  seven  seconds  arc  labeled  per  scan,  and 
those  computed  from  the  count  over  the  dwell  period  of  38  ma 
are  labeled  per  dwell.  The  average  5LS  inhibit  rates  are  also 
given  on  a  per  second  basis  as  c  mputed  from  counts  over  the  scan 
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period  (per  scan) ,  and  as  computed  from  the  count  over  the  dwell 
interval  (per  dwell).  Downlink  average  asynchronous  fr-'it  rates 
are  also  tabulated  from  the  per  scan  and  dwell  counts  and  are 
given  terms  of  replies  (bracket  pairs)  per  second. 

Interrogation  Rates 

An  earlier  analysis  of  an  SLS  equipped  interrogator  environment 
as  well  as  the  results  of  Appendix  A  yield  an  estimate  of  v^,  the 
average  uplink  interrogation  rate,  given  by* 


where , 

n  *  number  of  interrogators  within  view 

vT  ■  average  repetition  rate  of  this  interrogator  population 
■  effective  beamwidth  in  degrees  of  the  scanning  beams 

Using  a  typical  value  of  $  *  4  degrees,  and  obtaining  "v  -  270Hz 
from  the  available  data  base,  then 

”x  -  3n  (3-2) 


*The  subsequent  relationships  are  based  on  models  described  in  Ref.  5. 
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which  is  graphed  in  Figure  3-3.  This  figure  also  shows  the 
average  measured  reply  rates  for  the  New  York  area  and  the  Boston 
area  plotted  against  the  estimated  number  of  Interrogators  within 
view  in  each  case.  The  reply  rate  and  interrogation  rate  are 
nearly  equivalent  since  the  average  reply  rate,  ~R,  is  just 
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where  PR  is  the  transponder  reply  probability.  The  reply  rate, 
therefore,  would  be  expected  to  be  only  slightly  lower  than  the 
interrogation  rate  for  reasonably  high  values  of  P  .  The  level 
of  agreement  shown  in  the  figure  between  these  measured  data  and 
the  predicted  results  is  exceptional. 

The  predicted  results  graphed  in  Figure  3-3  assume  all  interroga¬ 
tors  within  the  minor  lobe  response  range  to  the  aircraft  are  SLS 
equipped;  reference  to  Figure  3-4  shows  this  range  to  be  less  than 
10  miles  for  a  typical  average  minor  lobe  level  of  -33dB  and  a 
transmitter  power  output  leas  than  lKw.  A  National  Standards 
indicated  transponder  MTL  of  -71dBm  and  OdB  aircraft  antenna  gain 
are  assumed  in  this  plot.  On  this  basis  it  is  clear  that  the 
average  interrogation  rate  over  a  region  should  not  be  too 
sensitive  to  the  presence  of  several  non  SLS  Interrogators  since 
their  range  of  influence  is  fairly  well  localized;  in  these 
localized  regions,  however,  higher  interrogation  rates  would  be 
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FIGURE  3-3 
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expected  just  as  they  would  be  if  the  majority  of  the  interro¬ 
gator  population  were  non  SLS  equipped. 


SLS  Rates 

A  somewhat  greater  variance  is  noted  in  the  SLS  rates  shown  in 
Table  3-1  than  for  the  interrogation  rates  discussed  above.  This 
would  be  expected  on  the  basis  of  the  more  localized  behavior  of 
the  minor  lobe  response  of  a  typical  interrogator.  Despite  this 
greater  sensitivity  of  this  effect  to  the  relative  geometry  of 
the  aircraft  and  interrogator  population,  it  is  nevertheless  of 
some  interest  to  estimate  average  SLS  rates  on  the  basis  of  a 
flight  through  a  random  distribution  of  SLS  equipped  interrogators. 

Suppose  these  randomly  distributed  interrogators  have  typical 
power  outputs  on  the  order  of  500W  and  average  minor  lobe  levels 
of  -33dB  below  the  main  beam.  From  Figure  3-4 ,  the  effective 
range,  r,  of  the  SLS  inhibit  signal  is  then  nearly  10  miles.  At 
8  thousand  feet,  the  line  of  sight  range,  R,  to  the  most  remote 
interrogator  is  125  miles,  so  that  the  average  SLS  rate,  ~s ,  might 
be  expected  to  be  roughly  given  by 


where 

n  «  number  of  interrogators  within  a  range  R 
~  »  average  interrogation  rate  of  these  units 
y  =  minor  lobe  volume  efficiency  factor  determined  by  the 
radiation  pattern  lobe  structure 
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expected  Just  as  they  would  be  if  the  majority  of  the  Interro¬ 
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flight  through  a  random  distribution  of  SLS  equipped  interrogators 

Suppose  these  randomly  distributed  interrogators  have  typical 
power  outputs  on  the  order  of  500W  and  average  minor  lobe  levels 
of  -33dB  below  the  main  beam.  From  Figure  3-4,  the  effective 
range,  r,  of  the  SLS  inhibit  signal  is  then  nearly  10  ailes.  At 
8  thousand  feet,  the  line  of  alght  range,  R,  to  the  most  remote 
interrogator  Is  125  miles,  so  that  the  average  SLS  rate,  v<.,  might 
be  expected  to  be  roughly  given  by 

vsan~y(|)  (3-4) 

where 

n  «  number  of  interrogators  within  a  range  R 
v  »  average  interrogation  race  of  these  units 
y  -  minor  lobe  volume  efficiency  factor  determined  by  the 
radiation  pattern  lobe  structure 


For  v  ■  270H«,  and  Y  •  0.5,  then 
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With  n  ■  40  in  the  New  York  area,  this  result  Is  in  fair  agreement 
with  the  values  shown  in  Table  3-1.  Using  Equation  (3.2)  in 
Equation  (3.3),  we  find 


which  is  of  some  interest  in  terms  of  overall  network  characteris¬ 
tics.  For  example,  if  the  output  power  of  the  interrogators 
increased  by  lOdB,  then  from  Figure  3-4,  r  30  miles.  Using  this 
in  Equation  (3.4),  we  find  the  new  rate,  v',,, 

Ya9vs  (3.7) 

from  which 

vs  =  3  vj  (3.8) 


Hence,  on  an  average  basis,  we  find  that  a  lOdB  change  in  output 
power  can  change  the  relative  level  of  the  SLS  rate  from  about 
one  third  the  interrogation  rate  to  about  three  times  the  inter¬ 
rogation  rate. 

Although  these  results  should  be  regarded  as  only  rough  estimates, 
they  may  be  indicative  of  the  effects  attributable  to  network 
discipline.  Air  Force  data  over  New  York  prior  to  the  initiation 
of  the  power  reduction  policy  in  1968  indicated  an  SLS  rate  of 
about  three  times  the  interrogation  rate;  measurements  shown  in 
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Tabie  3-1  Indicate  that  this  rate  Is  now  only  about  one  third 
the  Interrogation  rate. 

It  should  be  clear  from  the  above  that  these  averages  apply  only 
over  typical  flight  paths  through  a  region  and  would  not  reflect 
the  circumstances  associated  with  the  portion  of  a  flight  path 
in  the  vicinity  of  one  or  more  interrogator.  In  this  latter 
case,  the  SLS  rate  may  be  expected  to  increase  to  levels  on  the 
order  of  hundreds.  This  condition  was  approximated  in  the  Boston 
area  flights  where  data  was  intentionally  collected  for  flights 
near  an  interrogator;  the  average  SLS  rate  over  the  whole  flight  In 
that  case  was  about  equal  to  the  average  interrogation  rate  of  65Hz. 

Fruit  Rates 

Asynchronous  interference  on  the  downlink,  or  fruit,  is  indicated 
in  the  last  two  columns  of  Table  3-1  for  the  New  York  weekday 
afternoon  conditions  monitored.  Similar  measurements  with  the 
interrogator  van  located  at  Bedford,  near  Boston,  resulted  in  an 
average  fruit  rate  of  about  300  replies  per  second. 

Consideration  of  the  average  fruit  rates  shown  in  Table  3-1  show 
close  agreement  between  values  computed  from  tbo  total  fruit 
count  over  ar.  antenna  scan  period,  and  those  values  extrapolated 
from  the  count  only  during  the  38  ms  interval  in  which  returns 
were  monitored  while  the  beam  illuminated  the  test  aircraft.  The 
net  average  of  the  fruit  monitored  over  the  flight  of  2/9/72  is 
about  1,750  replies  per  second;  the  average  value  for  the  flight 
of  2/16/72  is  approximately  1/460  replies  per  second.  These 
measurements  were  made  without  the  defruiter,  and  without  sensiti¬ 
vity  time  control;  they  therefore  typify  the  input  interference 
conditions  that  would  be  seen  by  any  ATC  processor  similarly 
located  and  with  antenna  pattern  characteristics  similar  to  the 
test  unit. 
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lather  elementary  considerations  suggest  that  the  fruit  rate, 
or  the  average,  should  be  the  total  interference  incident  through 
the  antenna  raainbeam  plus  the  contribution  attributable  to  the 
antenna  minor  lobe  response.  On  this  basis,  we  may  write  for  the 
average  fruit  rate, 


vf  -  [ay  +  (1  -  a>^]  M  vR 


(3.9) 


where, 

M  ■  total  transponder  equipped  traffic  count  within  view 
cf  the  interrogator 

o  -  fraction  of  this  traffic  within  the  minor  lobe  range 

v  »  average  reply  rete-  (approximately  equal  to  v*r  for  most 
R  X 

conditions  of  interest) 

y  m  minor  lobe  volume  efficiency  factor 

+  -  effective  beamwidth  in  degrees 

It  has  already  been  noted  that  the  value  of  M  for  the  flight  of 
2/9/72  was  about  160;  for  the  flight  of  2/16/72,  M  ~  140;  and  for 
the  Boston  data,  M  a  40.  The  fraction  of  these  totals  within  the 
minor  lobe  range  depends  upon  the  cumulative  traffic  distribution 
with  radius  from  the  interrogator,  and  upon  the  effective  range  of 
the  minor  lobes  of  the  antenna. 

Figure  3-5  shows  the  effective  range  of  the  interrogator  receiver 
as  a  function  of  the  transponder  transmit  power  and  for  different 
antenna  gain  levels  relative  to  the  main  beam  level.  The  interro¬ 
gator  receiver  minimum  signal  level  is  assumed  to  be  -82Bm  as  ' 
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specified  in  the  ATCRBS  National  Standards,  the  aircraft  antenna 
gain  is  taken  as  OdB,  and  a  20dB  Interrogator  main  beam  gain  is 
used.  The  vertical  dashed  lines  denote  the  National  Standards 
specifications  on  minimum  and  maximum  permitted  levels  of 
transponder  output  power.  For  a  -33dB  minor  lobe  level,  and  a 
mean  level  of  transponder  power,  the  effective  range  of  the  minor 
lobe  region  is  then  about  20  miles,  Aircraft  beyond  this  range 
will  contribute  fruit  only  when  illuminated  by  the  scanning  main 
beam  of  the  interrogator.  With  this  minor  lobe  range  value  of 
20  miles,  and  reference  to  the  typical  traffic  cumulative  distri¬ 
bution  of  Figure  3-1,  we  find  that  a  s  0.2. 

Again  using  y  -  0.5,  and  $  *>  4°,  Equation  (3.9)  then  reduces  to 

vf  »  0.1  M  ~j  (3.10) 

where  vR  is  approximated  by  vT .  This  relationship  is  graphed  in 
Figure  3-6  for  values  of  M  ■  40  and  M  ■  150.  Results  from  the 
Boston  and  New  York  tests  are  also  shown  on  this  plot  for  compara¬ 
tive  purposes.  In  Boston,  a:  300  replies/sec  with  a  corresponding 
Vj  -  65Hz  and  a  traffic  count  of  M  ■  40.  Fruit  rates  in  New  York 
averaged  about  1,750  replies/sec  on  2/9/72  with  M  a  160,  and  about 
1,460  replies/sec  on  2/16/72  with  M  a:  140;  »  110Hz  for  both 

these  days.  The  agreement  between  those  measured  values  and  those 
predicted  by  Equation  (3.10)  is  excellent. 

Several  features  of  the  fruit  environment  and  its  relationship  to 
the  sources  ot  this  interference  are  evident  from  this  treatment. 
First,  the  major  portion  of  the  incident  fruit  under  the  measured 
conditions  appears  to  arrive  via  the  minor  lobes  of  the  antenna 
rather  than  through  the  scanning  main  beam.  Traffic  within  the 
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minor  lobe  range  will  contribute  more  to  the  fruit  count  than  It 
will  in  the  main  beam  region  due  to  the  higher  effective  receiver 
duty  ratio  in  the  minor  lobe  region.  For  the  radial  traffic 
distribution  that  was  measured,  over  10  times  as  much  fruit  is 
associated  with  the  minor  lobes  as  is  with  the  main  beam.  If 
this  is  verified  by  further  tests,  then  defruiting  by  minor  lobe 
blanking  rather  than  by  synchronous  defruiting  should  provide 
some  system  advantage.  The  second  point  to  be  made  is  that  the 
same  total  traffic  would  produce  a  far  lower  fruit  level  if 
uniformly  distributed,  or  located  in  such  a  way  that  only  a  small 
fraction  of  the  count  was  within  the  minor  lobe  region. 

3.3.3  Shore  Term  Characteristics 

Although  the  previously  considered  average  characteristics  are 
useful  in  system  planning,  the  scan  to  scan  interference  proper¬ 
ties  are  of  equal  or  perhaps  greater  Importance  In  the  actual 
design  and  evaluation  of  ATC  related  equipment.  Uplink  synchroni¬ 
zation  limitations  precluded  a  direct  reading  of  the  interrogation 
by  interrogation  interference  conditions  at  the  transponder,  but 
such  a  record  was  available  on  a  two-way  link  basis  at  the  inter¬ 
rogator  receiver  shift  register  output.  Analysis  of  these  records 
indicate  that  failures  in  the  two-way  link  (either  due  to  a 
transponder  busy  condition  or  to  garbling  of  the  reply  on  the 
downlink)  were  random,  or  Poisson.  No  suggestion  of  interrogator 
network  synchronous  or  net  r  synchronous  induced  behavior  was 
apparent  from  these  measurements. 

Chi-squared  tests  also  showed  the  fruit  per  scan,  the  fruit  per 
dwell,  and,  to  a  lesser  degree,  the  Mode  3A/C  per  scan  rates 
exhibited  a  high  degree  of  correlation  with  the  Gaussian  distribu¬ 
tion  hypothesis.  Such  results  would  be  intuitively  expected  when 
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an  ensemble  of  statistically  Independent  events  are  acting  In 
concert  as  they  do  In  the  ATCRBS  environment.  The  following 
sections  describe  some  additional  Inferences  that  may  be  drawn 
from  the  flight  data. 

3. 3. A  Burst  Interrogation  Features 

The  transponder  busy  condition  was  sampled  over  38  ms  intervals 
at  a  scan  rate  of  approximately  7  seconds.  The  prcuability  that 
none  of  n  possible  interrogators  was  illuminating  the  transponder 
at  the  time  of  this  look  can  be  estimated  rather  easily  if  all 
scanning  beams  are  randomly  related.  Since  each  interrogator  is 
an  independent  unit,  this  assumption  of  randomness  should  be 
valid  over  at  least  an  interval  sufficient  for  our  purposes. 

Probability  of  a  Clear  Look 

If  t  is  the  average  dwell  interval  for  the  ensemble  of  interro- 
o 

gators,  and  T^  is  our  scan  period,  or  sample  interval,  then  the 
average  probability  of  illumination  for  a  single  unit  is 

q  =  a  (3.11) 


where  a  is  the  average  number  of  times  the  particular  interrogator 

of  interest  looked  at  the  aircraft  during  the  sample  time,  T  . 

s 

Now  this  av  rage  number  of  looks  is  just 


(3.12) 


where  Tq  is  the  scan  period  of  the  typical  unit*.  Thus,  for  a  sin¬ 
gle  unit,  we  may  write  the  probability  of  not  being  in  the  clear  as 

♦This  assumes  that  data  is  collected  over  an  interval  long  enough  for 
this  average  to  be  valid. 
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T 
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vhich  is  the  ratio  of  its  dwell  time  to  its  scan  period.  This 
may  also  be  expressed  in  terms  of  <(>,  the  effective  beamwidth  in 
degrees,  as 


q 


-1_ 

360 


(3.14) 


The  factor  q,  is  therefore  seen  to  be  similar  in  concept  to  the 
illumination  duty  cycle  of  each  of  the  n  possible  contributors. 
The  probability,  g,  that  the  transponder  will  be  in  the  clear  at 
some  sample  time  due  to  the  behavior  of  a  single  interfering  unit 
is  given  by 


g  -  1  -  q 


(3.15) 


Moreover ,  for  n  scarlet  leal ly  Independent  units,  the  probability 
of  not  being  seen  by  any  cf  the  units  is 


p(n)  -  gn 


or,  upon  substitution, 


p(n)  - 


1 


(3.16) 


(3.17) 


This  probability  of  not  being  seen  by  any  of  n  interrogators  is 
shown  in  Figure  3-7  as  a  function  of  n  for  effective  beamwidthB 
of  t  •  4°  and  £  =  6°  .  Notice  chat  for  n  -  40,  the  indicated 
aggregate  probability  of  not  being  illuminated  by  any  of  the  40 
interrogators  at  the  sample  time  is  0.5  or  greater,  depending  upon 
Che  effective  value  of  $ . 
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FIGURE  3-7 

PROBABILITY  OF  NOT  BEING  SEEN  BY  AT  LEAST  ONE  BEAM 
OF  N  RANDOMLY  RELATED  BEAMS 
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The  probability  of  having  m  successive  scans  with  clear  looks  at 
the  transponder  may  also  be  estimated  for  independent  statistical 
events  if  the  average  probability  of  a  c. ear  look,  p,  is  known. 
This  is  just  the  conditional  probability  of  m  events,  given  the 
occurrence  of  an  event,  or  p(m|l).  For  random  occurrences, 

p(m| 1)  -  pm-1q  (3.18) 

where  q  is  the  failure  of  the  event  to  occur  and  so  q  ■  1  -  p. 
Thus,  Equation  (3.18)  becomes 

p(m|  1)  -  pm  (3.19) 

P 

Figure  3-8  illustrates  the  behavior  of  the  e\pected  distribution 
of  clear  look  sequence  lengths  for  values  of  p  equal  to  0.3,  0.5, 
and  0.8.  These  values  of  p  may  be  related  to  the  number  of 
interrogators  considered,  n,  through  the  previous  relationship 
of  Figure  3-7. 

This  model  of  the  behavior  of  a  population  of  n  independently 
scanning  interrogators  was  applied  to  the  data  from  the  flight  of 
2/16/72.  The  airborne  record  was  examined  for  the  times  when 
the  transponder  did  not  reply  to  any  other  interrogator  during 
the  38  msec  in  which  the  Mode  D  interrogation  series  occurred  on 
eacn  scan.  The  total  number  of  samples  over  this  flight  was 
360,  and  the  transponder  was  in  the  clear  178  of  these  times. 

The  measured  value  of  the  probability  of  being  in  the  clear  was 
thus  p  *  0.495.  The  frequency  distribution  of  the  zero  reply 
sequences  was  also  tabulated  and  is  given  in  Table  3-2.  For 
example,  a  single  zero  reply  (or  clear  look)  occurred  41  times 


over  the  flight,  while  two  clear  looks  in  succession  occurred 
17  times. 

The  remainder  of  this  table  presents  the  results  of  a  Chi-square 
test  of  the  measured  data  against  the  assumed  distribution  given 
in  Equation  (3.19).*  The  resulting  error  term  of  9.33  is  regarded 
as  a  highly  significant  level  of  agreement.  Thus  the  random 
model  assumption  is  justified  by  the  measurements.  The  actual 
data  are  plotted  in  Figure  3-9  for  comparison  with  the  predicted 
distribution  for  independent  events  with  an  average  probability 
of  0.5.  The  successive  differences  in  the  points  beyond  m  »  U 
are  determined  by  a  single  event  difference  in  their  occurrence 
and  so  should  not  be  considered  with  too  much  significance  for 
the  available  sample  size. 

Distribution  of  Overlapped  Looks 

The  probability  of  no  other  scanning  beam  Illuminating  the  trans¬ 
ponder  at  the  time  it  is  illuminated  by  the  interrogator  of 
interest  has  been  examined  above  along  with  the  distribution  of 
these  expected  clear  looks  at  the  transponder.  If  other  sources 
of  transponder  reply  failure  are  ignored,  then  the  reply  proba¬ 
bility  is  unity  over  the  entire  dwell  interval  of  these  clear 
looks  and  the  only  cause  of  two-way  link  failure  would  be  due 
to  downlink  garbling  of  the  reply  by  fruit. 

When,  however,  the  transponder  is  illuminated  by  other  interro¬ 
gators,  it  is  of  interest^  to  know  how  many  other  interrogators 
are  simultaneously  looking  at  the  transponder  at  the  time  of  the 
desired  look.  If  the  interrogation  rates  of  the  different 


*This  analysis  is  due  to  Dr.  J.  S.  Matney,  MITRE  Corporation 
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FIGURE  3  9 

OBSERVED  AND  COMPUTED  CLEAR  DWELL  DISTRIBUTION 
FOR  FLIGHT  OF  2/10 
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interrogators  are  asynchronous,  as  well  as  their  scan  rates, 
then  the  probability  of  the  transponder  being  busy  at  the  time 
of  a  desired  reply  is  related  to  the  number  of  these  overlapping 
beams.  Time  did  not  permit  an  analysis  of  the  Mode  3A/C  reply 
data  to  the  extent  necessary  to  substantiate  this  model,  but 
the  following  treatment  may  be  Infered  by  a  simple  extention  of 
the  looks-in-the-clear  data  examined  above.  The  treatment  is 
predicated  on  the  fact  that  the  clear  look  distributions  corre¬ 
spond  with  the  distribution  expected  for  a  random  model.  For 
Poisson  or  randomly  distributed  illuminations,  we  may  write  the 
probability  of  L  beams  simultaneously  illuminating  the  transport  ,'r , 
P(L) ,  as 

.  L  -X 

P(L)  -  — 7-  (3.20) 

where  X  is  the  average  number  of  beams  simultaneously  illuminating 
the  target  at  the  time  of  the  desired  look.  The  analysis  of  the 
flight  record  Just  presented  showed  the  probability  of  no  beam 
illuminating  the  target  during  the  desired  beam  dwell  interval 
(L  ■  0)  was  0.5  as  illustrated  in  Table  3-2.  In  this  case,  for 
L  •  0,  P (0)  *  0.5  and  Equation  (3.20)  yields  X  -  0.69  overlapping 
beams.  This  value  of  X  in  the  Poisson  relationship  enables  the 
computation  of  the  probabilities  of  occurrence  of  one,  two,  three, 
etc.  overlapping  beams. 

Similar  probability  distributions  are  computed  for  the  average 
probability  of  a  clear  look  given  by  P(0)  «  0.85,  ar.d  P(0)  «= 

0.25  and  the  results  are  illustrated  in  Figure  3-10  along  with 
the  case  of  P(0)  -  0.50.  These  plots  show  that  as  the  probability 
of  a  clear  look  is  reduced,  the  probability  of  more  than  one  beam 
overlapping  is  increased.  These  bu’-st  circumstances  may  be  related 
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FIGURE  3-10 

PROBABILITY  DISTRIBUTIONS  OF  L  OVERLAPPING  BEAMS,  P(L),  FOR 
SEVERAL  PROBABILITIES  OF  L  *  0,  P(0) 
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to  Che  number  of  independently  related  scanning  interrogators 
through  the  curves  of  Figure  3-7. 

These  various  distribution  features  are  employed  in  Appen¬ 
dix  A  to  develop  the  transponder  reply  probability  in 
terms  of  the  interrogator  population  characteristics.  The 
average  value  thus  obtained  is  in  agreement  with  the  results  of 
the  simple  formulation  of  the  model  used  in  .  ;ference  5.  The 
treatment  given  in  the  appendix,  however,  e  .ables  an  estimate 
of  the  variance  on  this  ave.rage  value  assuming  the  validity  of 
the  Poisson  model. 

3.3.5  Performance  Degradation 

In  addition  to  coordinated  monitoring  of  interference  conditions, 
the  experiment  also  attempted  to  relate  these  conditions  to 
degradations  in  equipment  performance.  The  probability  of  the 
transponder  being  busy  is  a  measure  of  this  degradation  on  the 
uplink;  the  probability  of  a  desired  reply  being  garbled  by  a 
truit  reply  is  an  index  of  degradation  on  the  downlink. 

Probability  of  Garbled  Reply 

Differences  In  the  number  of  Mode  D  replies  made  by  the  test 
aircraft  over  each  scan,  compared  with  the  number  of  Mode  D 
replies  received  in  the  clear  at  the  van  interrogator  on  each 
scan  were  used  to  compute  the  average  probability  of  reply 
garbling  in  the  measured  fruit  environment.  Now  the  probability 
of  a  rep]  y  arriving  in  the  clear,  pc ,  is  Just 

p  =  1  -  P  (3. 21) 

c  g 
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where  p  is  the  probability  of  garble.  For  random  arrivals  of 
8 

the  Interfering  fruit  at  a  rate  of  repllea/sec,  the  probability 
of  no  arrival  within  an  interval ,  t,  la  given  by 

Pc  “  c‘V  (3.22) 

where  t  Is  some  Interval  length  over  which  the  interference  could 
overlap  a  desired  reply. 

Bracket  pair  spacing  of  replies  Is  20.3ns;  adding  0.45us  for  the 
pulse  width  results  In  a  value  of  *  s:  21us  for  ncn-overlapped 
replies.  Wlille  Is  the  bracket  pair  interval,  It  does  not 
necessarily  relate  directly  the  value  of  i  indicated  In  Equation 
(3.22).  The  value  of  t  for  ungarblcd  replies  used  here  depends 
upon  the  receiver  detector  characteristics;  some  detectors  have 
greater  de-lnterleavlng  capabilities  than  others.  It  is  well 
known,  for  example,  that  simple  bracket-pair  detectors  can 
produce  erroneous  detection  reports  if  adjacent  replies  are 
separated  by  exactly  a  bracket  pair  spacing,  since  thi6  would 
lead  the  detector  to  declaration  of  a  ghost  reply  due  to  the 
adjacent  reply  spacing.  Thus,  although  some  latitude  exists  for 
a  proper  choice  of  t,  it  should  be  greater  than  21  ns  and  probably 
less  than  42  ps  for  the  relatively  simple  detector  used  in  our 
experiments . 

Two  values  of  t ,  25  us  and  35  us,  are  used  in  the  plots  of  Equa¬ 
tion  3.22  shown  in  Figure  3-11.  The  data  points  are  measured 
values  in  Boston  and  New  York;  both  the  per  dwell  ami  the  per 
scan  measurements  of  the  probabilities  of  clear  replies  are  shown. 
The  value  of  t  -  35  us  seems  to  provide  the  betcer  fit  to  the  data 
with  this  Poisson  model. 
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It  should  be  clear  that  the  real  value  of  Figure  3-11  le  the 
fact  that  probability  of  a  reply  being  ungarbled  in  a  fruit 
environment  can  be  described  by  a  Poisson  process.  Indicated 
values  of  ?c  for  the  associated  levels  are  valid  only  for  the 
detector  characteristics  employed  in  the  experiment;  and  a  more 
sophisticated  detector  (such  as  chose  used  in  ARTS  or  NAS)  would 
have  better  de-interleavlng  capabilities  in  sorting  out  replies 
under  potentially  garbling  conditions.  If  the  degarbllng  features 
of  these  detectors  are  known,  however,  they  may  be  analyzed  on 
the  basis  of  this  Poisson  description  of  fruit  arrivals. 

Transponder  Reply  Probability 

The  average  reply  probability  for  the  test  aircraft  was  computed 
from  the  ratios  of  the  number  of  Mode  D  replies  made  over  each 
scan,  compared  to  the  10  Mode  D  interrogations  made  on  each  scan. 
Correlation  of  these  measurements  with  the  related  Mode  3A  and  C 
interrogation  rates  and  SLS  rates  was  then  examined.  Close 
agreement  between  these  factors  would  indicate  that  failure  of 
the  transponder  to  reply  to  a  desired  Mode  D  Interrogation  could 
be  statistically  attributed  to  the  transponder  being  busy  with  a 
3A/C  reply  or  SLS  inhibit  at  the  time  of  Interrogation.  The 
experiment  was  configured  so  that  this  cause  of  transponder  fail¬ 
ure  was  isolated  as  much  as  possible  from  other  causes  of  reply 
failure . 
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On  the  basis  of  the  random  interrogation  model  presented  in 
Section  3.3.4,  we  would  expect  the  reply  probability  of  the 
transponder  to  be  given  by 


P„  “  e"vITI 
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(3.23) 


^  * 


when  only  the  interrogation  rate,  v^,  la  considered.  The  time 
constant,  x^,  is  the  lockout  time  of  the  unit  occupied  In  re¬ 
ceiving  and  replying  to  an  interrogation  and  then  being  inhibited 
from  applying  for  a  specified  interval.  An  upper  bound  on  ij 
might  be  approximately  dO  us. 

Assuming  the  SLS  rate,  ~g ,  is  also  randomly  distributed  and 
Independent  of  we  may  then  express  P^  as 

Pr  .  e-&Vl  +"STS>  (3.24) 


where  t<,  is  the  inhibit  interval  for  an  SI.S  occurrence.  Since 
xg  is  approximately  one  half  Xj,  we  may  re-write  Equation  (3.24) 
as 


(3.25) 


to  compensate  for  the  difference  in  Xg  and  Xj. 

Measured  values  of  PR  in  the  Boston  and  New  York  areas  are  plotted 
in  Figure  3-12  as  a  function  of  the  weighted  sum  of  the  inter¬ 
rogation  and  suppression  rates,  "v.^.  Equation  (3.25)  is  also  shown 
on  this  figure  as  the  predicted  value  of  P  for  the  associated 
Vj  based  on  a  value  of  x^  ■  80  us. 


PREDICTED 
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FIGURE  3-12 

COMPARISON  OF  MEASURED  REPLY  PROBABILITIES  WITH  THEORETICAL  VALUES 


Measured  values  of  the  transponder  reply  probability  were  some 
fiv^j  to  six  percent  below  the  values  expected  on  the  basis  of 
uplink  interference  due  to  measured  3A/C  and  SLS  rates.  This 
result  of  the  test  program  reflected  the  only  failure  of  the 
simple  statistical  model  to  closely  describe  average  as  well  as 
many  short  term  facets  of  ATCRBS  performance  under  interference 
conditions . 

Before  leaving  the  results  displayed  in  Figure  3-12,  we  might 
just  note  that  if  some  constant  multiplier,  n,  is  used  with  the 
failure  model  represented  by  the  Poisson  distribution  of  uplink 
interrogations  and  suppressions,  the  first  oratr  result  would  be 
to  lower  the  predicted  curve  for  the  range  of  shown.  Choosing 
n  ■  0.95  results  In  the  dashed  curve  of  the  figure  labled 
"adjusted".  No  conclusive  preference  of  one  curve  over  the  other 
appears  warranted  on  the  basis  of  presently  available  data,  but 
the  following  does  develop  some  mechanism  that  may  account  for 
the  use  of  the  n  factor. 

3.4  Transponder  Reply  Failure 

The  reply  or  the  absence  of  a  .reply  by  a  transponder  to  a  given 
interrogation  is  determined  by  three  factors: 

1.  Signal  condition  -  Bracket  pair  spacing,  pulse  width,  and 
frequency  must  be  within  specified  tolerances  and  the  detected 
signal  level  must  be  above  the  minimum  threshold  level  (MTL) 
of  the  transponder  receiver. 

2.  Suppression  condition  -  Replies  are  inhibited  if  the  ampli¬ 
tude  of  the  P2  pulse  relative  to  that  of  the  pulse  is  above 
a  certain  level.  This  side  lobe  suppression  (SLS)  feature  is 
intended  to  restrict  transponder  replies  to  only  the  main  beam 
of  the  interrogator  even  though  the  Pj,  pulse  levels  may  be 
above  the  MTL  in  the  minor  lobe  region  of  the  interrogator. 
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3.  Busy  condition  -  A  valid  interrogation  will  not  elicit  a 
reply  if  the  transponder  is  occupied  at  the  time  in  responding 
to  another  valid  interrogation  or  suppression  from  another 
Interrogator  within  its  field  of  view. 

These  effects  are  Independent  and  each  may  be  represented  by  a 
probability  of  success.  The  net  reply  probability  is  tnerefore 
the  product  of  these  three  probabilities. 

The  intent  of  the  measurement  program  was  to  limit  data  collection 
to  only  those  circumstances  when  the  transponder  busy  condition 
was  the  determining  factor.  Signal  level  monitors  were  therefore 
used  to  inhibit  data  gathering  in  the  event  of  low  detected  signal 
strength.  This  provision  minimized  the  possibility  of  falsely 
attributing  a  failure  to  reply  to  a  busy  condition  when,  in  fact, 
the  reply  failure  was  due  to  a  low  signal  to  noise  condition. 

It  was  assumed  in  configuring  the  experiment  that  the  suppression 
condition  was  either  in  an  ON  or  an  INHIBIT  8tate  over  the  beam 
dwell  interval.  If  this  discrete  state  assumption  is  valid,  then 
no  error  is  introduced  in  the  results  due  to  SLS  since  the  reply 
probability  due  to  this  condition  would  be  either  unity  or  zero 
over  the  dwell  interval.  Thus,  dwell  data  samples  could  be  lost 
due  to  this  inhibit  effect,  but  if  recorded,  no  error  in  the  data 
would  be  produced  by  this  phenomenon.  The  next  section  examines 
this  assumption  from  the  point  of  view  of  detection  theory.  Sub¬ 
sequent  sections  examine  other  possible  causes  for  failure  of  the 
transponder  to  reply. 

Suppression  Characteristics 

Figure  3-13  functionally  indicates  the  transponder  reply  logic; 
two  threshold  tests  are  indicated  before  a  reply  is  enabled.  The 
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FIGURE  3-13 

TRANSPONDER  REPLY  LOGIC 


action  of  the  signal  to  noise  minimum  threshold  level  has  already 
been  mentioned;  the  performance  of  this  detector  has  been  thor¬ 
oughly  analyzed  in  terms  of  the  probability  of  detection  for  an 
acceptable  false  alarm  rate.  These  treatments  have  considered 
both  fluctuating  and  non-fluctuating  targets  in  the  presence  of 
gausalan  noise0.  For  a  given  false  alarm  rate  in  each  case  the 
probability  of  detection  la  a  function  of  the  Input  slgnal-to- 
nolse  ratio. 

As  stated  above,  the  basic  approach  to  the  design  of  the  data 
collection  system  assumed  that  the  enable  state  on  the  output  of 
the  SLS  threshold  detector  was  a  discrete  and  well  behaved  condi¬ 
tion.  That  is,  a  particular  ratio  of  the  P1  pulr.e  to  the  P^CSLS) 
pulse  either  inhibited  a  reply  or  it  did  not.  This  assumption 
would  seem  reesonable  if  no  noise  were  present  In  the  determina¬ 
tion  of  this  received  pulse  ratio. 

In  practice,  of  course,  some  noise  is  expected  in  the  generation 
and  detection  of  these  two  pulses  and  so  a  statistical  treatment 
of  the  SLS  inhibit  condition  seems  in  order.  Under  this  concept, 
the  reply  AND  gate  in  the  figure  is  enabled  only  on  the  basis  of 
the  product  of  the  probabilities  of  obtalniug  outputs  from  the 
two  Independent  threshold  circuits  (assuming  it  is  not  busy). 

A  more  detailed  description  of  this  possible  mechanism  has  been 
developed,  but  for  this  discussion  it  will  only  be  noted  that  this 
probabilistic  model  could  acoount  for  a  significant  degradation 
in  the  reply  probability  for  SLS  relative  pattern  levels  of  -9dB 
or  lees.  These  conditions  are  inevitable  with  the  commonly  used 
interrogator  antenna  configurations  employing  a  separate  SLS 
antenna.  If  this  omni  antenna  is  mounted  above  the  scanning 
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antenna,  these  problems  occur  at  certain  ranges;  If  the  omni  la 
mounted  to  the  side  of  the  scanning  antenna,  these  problems  occur 
at  certain  azimuth  sectors. 

Tracking  Behavior 

Synchronization  of  the  airborne  and  ground  data  was  accomplished 
by  an  early-late  tracking  gate  centered  about  the  data  collection 
interval.  Initiation  of  this  process  was  determined  by  a  tracking 
cursor  position  which  also  generated  a  VHF  tone  to  enable  the  gate 
counts.  This  process  could  result  in  a  measurement  bias  if  the 
anticipated  beam  center  (on  the  basis  of  the  tracking  determina¬ 
tion)  was  displaced  from  the  actual  beam  center  when  data  was 
collected.  To  guard  against  this  possibility  a  criterion  of  two 
out  of  ten  hits  in  these  early-late  gates  was  employed.  It  was 
expected  that  data  would  thus  be  collected  over  the  beam  center 
if  these  conditions  were  met  on  either  side  of  the  data  collection 
Interval  since  the  SLS  action  would  inhibit  spurious  replies 
beyond  the  beam  edges. 

Consideration  of  an  enable  probability  variation  such  as  that 
Just  mentioned  for  SLS  could  alter  this  response  characteristic 
however.  If  this  model  of  one  aspect  of  the  transponder  reply 
probability  is  representative,  then  it  Is  clear  that  the  net  reply 
probability  measured  over  the  appropriate  portion  of  the  beam 
must  include  the  integrated  value  of  the  enable  probability 
variation  over  that  segment  of  the  beam. 

The  enable  probability  variation  due  to  the  SLS  pattern  could 
also  lead  to  data  collection  over  an  asymmetric  portion  of  the 
beam  since  the  low  values  of  the  probability  of  enabling  a  reply 
could  still  be  adequate  for  the  two  out  of  ten  test  and  result 
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in  Che  date  collection  interval  beginning  at  an  axtreae  edge  of 
the  bean  for  instance  rather  than  at  a  nore  symmetrical  point. 

Enphaais  should  be  placed  on  the  fact  that  the  scope  of  the  test 
program  precluded  any  conclusive  experimental  examination  of 
either  the  proceeding  hypotheses  or  the  one  that  follows.  They 
are  all  offered  as  possibilities  to  account  for  reply  failure 
mechanisms  that  could  bd  as  significant  as  the  expected  busy 
condition  for  valid  inter roga't lone  end  SLS  inhibits. 

SLS  Recovery  Time 

A  lower  reply  probability  than  expected  on  the  basis  of  the  re¬ 
corded  number  of  interrogations  and  suppressions  could  result 
if  other  events  affected  transponder  operation  and  were  not 
recorded  due  to  limitations  in  the  data  collection  system.  Mon¬ 
itored  events  in  the  apparatus  were  limited  to  the  recording  of 
Mode  D  replies.  Mode  3A  plus  Mode  C  replies,  end  the  number  of 
side  lobe  suppressions.  The  occurrence  of  Mode  2  interrogations 
or  particular  combinations  of  Interference  resulting  from,  say, 
TACAN  or  DME  equipment  could  keep  the  transponder  busy  but  not 
be  recorded.  If  a  mechanism  of  this  sort  Is  a  feasible  explanation 
for  tha  measured  reply  probability,  however,  then  it  must  be 
equally  valid  In  the  Boston  area  as  well  as  in  the  New  York  area, 
since  similar  results  were  noted  in  both  series  of  flights. 

The  ATCRBS  interrogator  network  itself  is  also  a  source  of  high 
single  pulse  emission  rates  due  to  the  Pj  pulse  radiation  from 
the  suppression,  or  omni,  antenna.  Since  the  relative  gain  of 
this  antenna  is  nominally  +  2dB,  the  effective  range  of  these 
pulses  may  be  nearly  50  miles.  Contributions  from  twenty  such 
sources  may  not  then  be  unusual,  and,  since  each  operates  at 
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typically  280Hz,  the  net  Intensity  of  single  pulses  may  be 
approximately  5.6  X  103  pulses/sec. 

Transponder  detector /decoder  circuits  vary  In  design,  but  a 
common  method  of  determining  the  ratio,  P^/P^,  appears  to  use  a 
desensitization  of  the  unit  for  approximately  4us  following  the 
receipt  of  a  single  pulse.  If  the  Pj  pulse  relative  amplitude 
is  then  sufficiently  great  to  overcome  the  deseneltizatlon,  the 
unit  is  then  suppressed  on  the  basis  that  P^  la  greater  in 
amplitude  than  the  associated  pulse.  If  P^  is  smaller  in 
amplitude  than  P^,  then  the  detector  recovera  its  sensitivity 
and  looks  for  the  pulse  at  the  appropriate  interval  determined 
by  its  mode  of  response.  This  design  approach  treats  any  incident 
pulse  as  a  F\,  pulse  until  a  decision  is  made  regarding  the  P^  or 
P^  test  conditions. 

With  the  above  detector  model,  reception  of  a  single  pulse  may  be 
expected  to  reduce  the  probability  of  receiving  a  valid  inter¬ 
rogation  for  at  least  4wa  after  receipt  of  the  pulse.  Using 
T  «  4ua,  and  a  single  pulse  arrival  rate  of  5,6  X  103Hz,  the 
Poisson  model  of  the  probability  of  the  unit  responding  to  a 
valid  interrogation  (when  inhibited  due  to  only  single  pulse 
considerations)  is  just 
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Although  no  extensive  experimental  confirmation  of  this  model 
was  possible  during  this  program,  it  is  nevertheless  significant 
that  a  possible  mechanism  of  this  sort  could,  in  some  instances, 
be  as  important  in  influencing  the  net  transponder  reply 
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probability  as  is  the  expected  condition  for  an  average  uplink 
Mode  3A/C  Interrogation  rate  of  several  hundred  interrogations 
per  second. 

Decoder  Recovery  Time 

All  the  above  transponder  inhibit  mechanisms  have  been  examined 
from  the  standpoint  of  their  potential  effect  on  the  reply 
probability.  It  was  discovered  during  the  preparation  of  this 
report,  however,  that  the  NARCO  ATC-A  employs  a  Mode  C  decoder 
logic  with  a  recovery  time  of  almost  IOOjjs.^  This  same  multi¬ 
vibrator  type  design  was  also  used  for  the  Mode  D  decoder  used  in 
cite  experiment.  The  unit  was  subsequently  modified  to  use  tapped 
delay  lines  for  these  functions  (the  Mode  A  decoder  was  already 
supplied  with  a  tapped  delay  line)  and  an  additional  flight  in 
the  New  York  area  was  conducted. 

A  duplication  of  the  February  9  flight  path  was  used  for  these 
measurements  with  the  modified  transponder.  The  results  were  in 
general  agreement  with  the  earlier  tests  except  for  the  expected 
increase  in  the  reply  probability  (and  of  course  the  round 
reliability).  The  measured  reply  probability  in  this  flight  was 
nearly  98  per  cent,  or  almost  the  value  expectea  on  the  basis  of 
the  random  arrival  model.  This  increara  in  the  reply  probability 
is  attributable  to  the  elimination  or  Me  unduely  long  recovery 
time  noted  in  the  original  multivibrator  logic  design.  This 
delay  time  is  lot  believed  to  be  intrinsic  to  the  logic  design 
and  should  to  readily  correctable  in  such  units,  if  this  action 
should  prove  necessary. 

These  more  recent  measurements  appear  to  be  accurate  and  so  we 
may  conclude  that  the  assumed  model  provides  a  good  estimate  of 
all  aspects  of  the  system's  average  condition.  This  finding  does 
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not  appreciably  alter  the  previous  interpretation  of  the  measure¬ 
ments  except  for  the  expected  five  or  six  percent  Increase  in  the 
measured  values  of  the  reply  probability  and  the  two  way  round 
reliability.  On  this  basis,  the  reply  probability  data  displayed 
in  Figure  3-12  would  be  Increased  from  the  indicated  average  of 
about  93  percent  to  a  nominal  value  of  98  percent  if  they  had 
been  measured  with  the  modified  transponder  detector  logic.  A 
similar  Improvement  would  be  noted  in  the  round  reliability 
measurement . 
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4. 


ARTS  III  PERFORMANCE  DEGRADATION 

Performance  of  the  ARTS  III  proceseor  In  a  high  interference 
environment  was  examined  by  a  Monte  Carlo  simulation  tnpioying 
a  typical  approach  path  for  the  tracked  aircraft,  statisti¬ 
cal  representations  of  the  interference  conditions.  Although 
the  principal  aim  of  this  effort  was  the  determination  of  per¬ 
formance  breakdown  conditions  due  to  the  degraded  environment, 
the  study  also  included  some  assessment  of  the  effect  of  system 
operating  parameters  on  this  condition.  Since  the  tracker  out¬ 
put  is  also  sensitive  to  target  fading,  the  evaluation  was 
undertaken  for  both  fixed  width  targets  (no  fading)  and  for 
variabLe  width  targets  (signal  fluctuations). 

4.1  Examined  Variables 

The  Interference  conditions  were  represented  by  two  independent 
variables ,  the  reply  probsbility,  and  the  asynchronous  fruit 
rate.  Data  were  typically  collected  by  holding  the  fruit  rate 
at  some  specified  value  and  varying  the  transponder  reply 
probability.  As  . -  ntioned  above,  these  runs  were  repeated 
for  both  fixed  width  and  variable  width  targets  as  well  as 
for  several  processor  parameters  settings. 

Response  characteristics  of  ARTS  III  were  monitored  at  the 
tracker  output  and  at  the  detector  output  interface  with  the 
tracxer.  The  detector  was  characterized  by  the  following 
parameters : 

1.  Probability  of  Detection 

2.  Failure  to  Discern  Mode  C 

3.  Probability  of  Code  Validation 

4.  Probability  cf  Erroneous  Code  Reports 

5.  Fraction  of  Targets  Classified  Weak 
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6.  Probability  of  Target  Splits 

7.  Distribution  of  Azimuth  Errors 

Of  these  parameters,  the  most  critical  to  tracker  performance 
appear  to  be  t'.ie  probability  of  detection  and  the  probability 
of  erroneous  code  reports. 

The  tracker  output  is  represented  by  the  following: 

1.  Track  Correlation  Ratio  (previously  termed  the  tracking 
blip/scan) . 

2.  Probability  of  Track  Loss. 

3.  Number  of  Aircraft  Tracked. 

The  first  of  these  parameters  is  the  most  signif'-j  index  of 
the  tracker  operational  state. 

An  estimate  of  general  system  capability  was  beyond  the  scope 
of  this  program,  however,  some  observations  on  processing  time 
utilization  as  well  as  controller  work  load  factors  were 
Included.  A  detailed  description  of  the  evaluation  process  is 
given  in  Reference  3,  and  a  sunsnary  of  the  major  aspects  of 
the  effort  is  included  here  as  Appendix  D. 

4.2  Tracker  Performance 

The  ARTS  tracker  acquires  or  accepts  assigned  target  information 
from  tl.e  detector.  The  smoothed  data  from  the  tracker  is  coor 
pared  with  the  detector  output  on  a  per  scan  basis;  the  track 
status  is  determined  from  this  comparison.  Targets  not  satis¬ 
fying  a  specified  set  of  criteria  are  initially  assigned  an 
active  '■oast  status.  If  these  targets  are  not  reacquired  by 
the  tracker  within  a  certain  number  of  scans,  they  are  then 
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relegated  Co  *  tabular  coast  statue  and  track  oust  be  reinitiated 
by  the  controller.  (Manual  insertion  is  also  required  for  all 
non-discrete  code  targets.) 

A  track  correlation  ratio  may  then  be  defined  by-* 


where 

n  =  number  of  targets  tracked 

■  number  of  scans  in  tabular  coast  for  track  1 
»  number  of  scans  in  active  coast  for  track  1 
*  number  of  scans  in  system  for  track  1 

The  track  correlation  ratio  is  therefore  the  ratio  of  the  num¬ 
ber  of  scans  a  track  correlated  to  the  number  of  scans  it  is 
tracked. 

Track  correlation  dependence  on  the  degraded  beacon  environment 
is  sunmrized  in  Figures  4-1  for  fixed  width  targets  and  in  4-2 
far  variable  width  targets.  All  tracks  considered  had  discrete 
mode  3/A  codes  and  altitude  reporting  on  Mode  C.  The  fixed 
width  targets  were  4  degrees  wide  (16  hits)  and  the  variable 
width  targets  ranged  in  run  length  from  0  to  26  hits  with  an 
average  of  16  hits.  The  tracker  was  operated  in  the  cases 
shown  with  the  set  of  parameters  used  in  the  Chicago  ARTS  III 
System  in  July  1971.  Performance  improvements  associated  with 
a  more  recent  choice  of  parameters  are  summarized  in  Appendix  D. 

The  data  in  Figures  4-1  and  4-2  are  the  same  as  given  in  Appendix 
A  except  that  they  are  replotted  on  a  semilog  scale  in  order  to 
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FIGURE  4-1 

ARTS  III  TRACK  CORRELATION  DEPENDENCE  FOR  FIXED  WIDTH 
TARGETS  AND  INDICATED  FRUIT  RATES 
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better  illustrate  relative  effects  end  retes  of  degradation 
regardless  of  the  magnitudes  of  the  values.  A  coos tent  rate 
of  change  in  track  correlation  for  a  fixed  incremental  change 
In  the  reply  probability  would  plot  as  a  straight  line  on  this 
scale  for  example. 

Fixed  Width  Targets 

Track  correlation  dependence  on  decreasing  transponder  reply 
probability  is  illustrated  in  Figure  4-1  for  fixed  targets  in 
fruit  environments  ranging  from  0  to  SO  thousand  replies  per 
second,*  It  can  be  seen  here  that  Tc  remains  above  90  percent 
for  low  or  modest  (up  to  several  thousand  replies/second) 
values  of  fruit  until  the  reply  probability  falls  below  85 
percent.  Below  this  point,  however,  the  rate  of  performance 
deterioration  is  very  rapid  aa  Indicated  by  the  slope  of  the 
curve  for  0  fruit.  In  general,  Increasing  fruit  rates  degrade 
performance  for  a  fixed  reply  probability,  but  the  sensitivity 
to  this  effect  is  not  aa  pronounced  as  it  is  to  a  decrease  in 
reply  probability. 


;  i 


Although  a  lower  bound  on  a  track  correlation  ratio  tolerable 
to  the  controller  cannot  be  fixed  without  an  extensive  human 
factors  study,  it  would  nevertheless  appear  that  reply  probabili¬ 
ties  above  857.  and  fruit  rates  below  30K  replies/second  would 
be  necesaary  for  effective  control  activities.  With  this 
thought  coupled  with  the  indicated  rates  of  decay,  it  seems 
evident  that  concern  with  the  system  condition  should  occur 
when  Pr  fails  below  907.,  and  the  fruit  rates  approach  20X 
replies/second. 


♦These  fruit  tates  correspond  to  the  input  conditions  to  the 
defruiter. 
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The  fixed  width  targets  Juet  considered  are  representative  of 
the  Ideal  caae  that  might  be  enjoyed  through  improvements  in 
the  interrogator  elevation  plane  coverage  and  dual  antenna 
installations  on  the  airborne  fleet.  These  assumptions  were 
made  in  the  above  case  in  order  to  Isolate  the  effects  of  the 
Interference  environment  on  an  otherwise  perfect  system. 

Such  a  circumstance  does  not  prevail  in  today's  environment 
and,  indeed,  the  data  used  for  target  width  variations  in  the 
simulations  were  obtained  from  monitoring  target  widths  et 
Chicago.  The  performance  indicated  by  Figure  4-2  la  therefore 
more  nearly  representative  of  expected  conditions  without 
improved  antenna  coverage. 

Comparison  of  Figure  4-2  with  4-1  shows,  first  of  all,  that 
Tc  Is  degraded  by  the  fluctuating  target  widths  that  occur 
during  aircraft  maneuvers.  Secondly,  it  may  be  noted  that  the 
rate  of  deterioration  in  T£  (with  a  degraded  Interference 
environment)  is  more  rapid  in  this  case  than  it  is  with  the 
assumed  ideal  coverage.  In  general,  system  tolerance  to  inter¬ 
ference  is  sharply  reduced  in  this  more  practical  representation 
of  circumstances. 

According  to  Figure  4-2,  a  value  of  track  correlation  above 
90Z  can  be  expected  only  for  modest  fruit  rates  and  reply 
probabilities  above  0.95.  An  average  value  of  T£  of  at  least 
807.  results,  for  example,  only  for  P  greeter  than  0.90  aud  a 
fruit  rate  less  than  about  10K  replles/secood.  It  would  seem 
that  these  latter  values  might  serve  as  appropriate  alarm  levels 
for  the  Interference  environment  under  these  rather  practical 
coverage  conditions. 
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TPX-42  PERFORMANCE  DEGRADATION 

The  TFX-42  detect*  end  dlepleys  the  two  dimensional  position 
of  beacon  equipped  targets  on  a  scan  by  scan  basis.  Identifi¬ 
cation  codes  and  altitude  Information  are  also  displayed  for 
Mode  3/A  and  Mode  C  reporting  equipment.  Although  tracking  is 
not  employed  in  the  basic  TPX-42  considered  in  this  study,  the 
displayed  information  for  each  target  so  equipped  includes  the 
presence  and  position  of  the  target  as  well  as  the  detected 
code. 

A  Monte  Carlo  simulation  was  again  used  with  statistical  repre¬ 
sentations  of  the  transponder  reply  probability  and  the  incident 
fruit  rate.  In  addition  to  these  two  independent  variables, 
the  target  run  length  (or  number  of  hits),  the  sliding  window 
detector  parameter  settings,  and  the  influence  of  failure  to 
reply  to  an  interlaced  mode  was  examined.  As  outlined  in 
Appendix  E.  and  more  completely  reviewed  in  Reference  4,  the 
detector  parameter  settings  and  the  target  run  length  were 
based  on  the  beat  available  estimate  of  the  Air  Force  choice 
of  these  variables. 

5.1  Summary  of  Results 

The  reply  probability  was  equally  incremented  between  values  of 
1.0  to  0.65  for  fixed  fruit  rate  levels  for  each  set  of  Monte 
Carlo  runs.  Fruit  levels  from  300  to  30,000  replies  per 
second  were  used.  Since  confidence  level  settings  of  either 
CL  ■  0,  or  CL  ■  4  are  under  consideration  by  the  Air  Force, 
both  settings  were  examined  in  a  degraded  environment  with  a 
detector  window  length  of  eight.  A  mode  interlace  of  1,  2, 

3  was  used  which  m'ght  represent  a  military  unit  operating  on 
Modes  3/A,  C,  and  2.  Data  were  collected  for  all  ^edes  res¬ 
ponding,  and  for  one  mode  absent  as  would  be  the  case  for  a 
civil  transponder  falling  to  reply  to  Mode  2. 
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could* red  a*  well 


Typical  target  widths  of  14  hit*  wars  coulds red  a*  well  a* 
were  weak  target*  aa  repre— atad  by  sely  9  hie*.  Sow  data 
were  also  collected  for  run  lamgth*  of  30  hit*  to  illustrate 
how  an  extremely  wld*  target  relative  to  the  detector  window 
length  night  behave. 


The  following  output  characteristics  were  used  to  typify  syetea 
performance: 

*  Probability  of  detection 

*  Probability  of  code  validation  given  detection 

*  Jitter  In  the  azimuthal  angle  measurement 

*  Probability  of  target  split 

General  response  of  these  characteristics  to  the  input  variables 
Is  summarized  in  Table  5-1.  Inspection  of  the  rows  of  this 
sensitivity  matrix  shows  that  the  trsupondsr  reply  probability 
la  much  more  critical  than  is  Che  fruit  rata.  The  action  of 
fruit  la  to  decrease  the  probability  of  code  validation,  while 
the  reply  probability  has  a  relatively  strong  Influence  on 
all  output  features.  Of  the  operating  parameters  examined, 
th*  target  width  and  confidence  level  were  of  much  greater 
relative  importance  than  was  the  missing  mods  Impact.  The 
columns  of  this  matrix  suggest  that  all  the  output  character¬ 
istics  are  degraded  by  worsening  fruit  and  reply  probabilities, 
but  code  validation  1*  perhaps  most  sensitive  to  this  environ- 


5.2  Figure  of  Merit 

TPX-42  performance  under  the  circumstance  of  all  Interlaced 
modes  responding  la  summarised  in  Appendix  E .  Code  validation 
Is  found  to  be  most  sensitive  to  a  degraded  environment  for 
this  circumstance.  A  tolerable  level  of  syetea  degradation 
In  this  case  should  therefore  be  closely  related  to  the 
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TABLE  6-1 

SENSITIVITY  OF  PERFORMANCE  PARAMETERS  TO  CHANGES  IN  ENVIRONMENT 


ENVIRONMENT 

INCREASING 

DETECTION 

PROBABILITY 

INCREASING 

AZIMUTH 

ACCURACY 

INCREASING 
CODE  VALI¬ 
DATION 
PROBABILITY 

INCREASING 
PERCENTAGE 
OF  TARGET 
SPLITS 

SEL  VTGURES* 

2-2  THRU 

2-6 

2-7  THRU 
2-10 

213  THRU 

2-17 

2-18  THRU 
2-20 

INCREASING 

FRUIT 

0 

0 

-2 

0 

INCREASING 
TRANSPONDER 
REPLY  RATIO 

♦3 

+2 

♦3 

-2 

INCREASING 

CONFIDENCE 

LEVEL 

•2 

♦2 

+1 

-3 

INCREASING 

HITS 

♦3 

-3 

♦3 

♦3 

INCREASING 

MODE  REPLY 
RATIO 

*2 

♦1 

0 

0 

SENSITIVITY  RATINOS: 

PLUS  <+)  POSITIVE  CORRELATION 
MINUS  (-1  NEGATIVE  CORRELATION 
SENSITIVITY  LEVELS: 

0  UNAFFECTED  OR  MILDLY  AFFECTED 

1  MODERATELY  AFFECTED 

2  STRONGLY  AFFECTED 

3  VERY  STRONGLY  AFFECTED 


♦FIGURES  REFER  TO  HAZELTINE  FINAL  REPORT  NO.  *0773 
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importance  of  identification  and  altitude  read  out  in  the  ATC 
function  elnce  the  other  faceta  of  the  detection  process  are 
not  significantly  deteriorated.  As  shown  in  Table  5-1,  this 
condition  is  chiefly  dependent  upon  the  reply  probability 
of  the  transponder. 

It  should  be  noted,  however,  thst  s  missing  rsply  condition 
in  the  mode  Interlace  also  raducad  the  probability  of  detection 
as  well  as  reduced  azimuth  accuracy.  The  concept  of  a  figure 
of  merit  is  introduced  in  the  following  in  order  to  quantify 
an  aggregate  condition  resulting  from  the  degradation  of 
several  aspects  of  the  system. 

5.2.1  Merit  Concept 

Informatics  displayed  to  the  controllar  by  tbs  TPX-42  consists 
of: 

1.  Presence  or  absence  of  a  target,  or  probability  of 
detection,  P,,. 

2.  Aircraft  identification  and  altitude,  or  the  con¬ 
ditional  probability  of  code  validation  given  detection, 
P(V|D). 

3.  Target  position  uncertainty,  or  azimuth  Jitter,  a.. 

9 

Range  jitter  as  well  as  the  probability  of  target  split 
are  also  important  but  their  magnitude#  are  email  in 
comparison  to  the  angle  measurement. 

An  overall  index  of  system  performance,  Q,  might  then  be  formed 
by  the  weighted  product  of  these  different  factors.  Thus ,  if 
g  la  selected  weighting  function  for  each  pat.smeter,  then 

q-[*d  <V]  [k  <f<vId»][*, 


<v] 


(5.1) 
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This  quantity  la  a  measure  of  hov  the  composite  information 
presentation  compares  to  some  standard  which  le  determined 
by  the  weighting  functiona.  A  reasonable  choice  for  g^  and 
*v  18  unity  weighting,  l.e.t  equal  importance  is  aaalgned  to 
the  presence  of  the  target  and  to  the  display  of  the  proper 
altitude  and  code.  In  this  instance, 

Q  -k  P(V|D>]  L<«4)1  (5.2) 

and  degradation  of  any  of  these  quantities  reduces  the  resulting 
value  of  Q.  Although  this  may  at  first  appear  somewhat  arbi¬ 
trary,  it  does  have  the  advantage  of  indicating  the  likelihood 

e 

of  having  all  the  required  information  available. 

Treatment  of  the  angle  uncertainty  may  utilize  two  limiting 

Q 

cases.  First,  it  is  desirable  that  the  target  Jitter  be  small 
enough  so  that  it  is  not  a  nuisance  to  the  controller,  and 
second,  some  penalty  should  be  paid  If  this  jitter  should 
become  so  great  that  It  prevents  minimum  separation  of  traffic 
at  the  maximum  range  of  the  unit.  These  determinations 
are  to  some  extent  subjective  since  controller  tolerance 
may  vary  and  since  the  penalty  for  greater  than  minimum  air¬ 
craft  separation  should  reflect  the  system  demand. 


For  our  purposes,  however,  suppose  that  a  3  a.  jitter  of  no 
greater  than  1/4  inch  is  unnoticed  by  the  controller.  (That 
is,  the  standard  deviation  is  slightly  less  than  0.1  Inches). 
If  the  display  and  the  interrogator  are  collocated,  then  we 
iuay  form  the  ratio 


1/4  inch 


< 


11  inches 


(5.3) 


where  R  la  the  target  range  and  a  22  Inch  CRT  la  assumed.  Thia 
raaulta  In  <_  .44  dagreea  or  1.8  pulae  repetition  periods 
for  the  condltlona  simulated.  The  eorraapondlng  weighting 
function  would  then  have  unity  value  for  valuaa  of  o^leee 
than  1.8  prp  since  jitter  of  this  magnitude  would  not  disturb 
the  controller. 

Target  nolee  greater  than  this  would  degrade  system  operation 
to  some  extent,  however,  end  a  sufficiently  large  magnitude 
would  require  greeter  than  normal  aircraft  separation  for  an 
acceptable  level  of  safety.  Consider  a  3o  target  position 
jitter  of  three  miles,  which  might  provide  a  eafa  minimum 
separation  of  six  ml lea .  If  this  standard  la  maintained  at 
a  maximum  range  of  .100  u.'lcfl ,  thou  the  associated  aalmuth 
angle  Jitter  la  o,  «0.6  df;«r r.e*  of  about  2.3  prp. 

Exponentially  degrading  system  utility  from  the  point  where 
Jitter  becomes  noticeable  (1.8  prp)  to  «  value  of  SOX  effec¬ 
tiveness  when  the  jitter  increaeae  to  2.3  prpa  results  In  a 
linear  plot  on  a  semi-log  scale.  Thia  form  of  presentation 
has  the  additional  advantage  of  enabling  piecewise  linear 
approximate  fits  to  the  simulation  output  data. 


>llcatlon  to  Output  Data 


TPX-42  performance  with  all  interlaced  modes  responding  is 
In  Appendix  B  end  it  can  be  noted  that  code  validation  la, 

In  this  case,  the  chief  cause  of  system  degradation.  A  com¬ 
parison  of  the  system  states  of  health  la  not  as  directly 


evldtmt,  however,  when  the  transponder  fails  to  reply  to  one 
of  the  Interlaced  modes  since  the  various  aspects  of  displayed 


data  degrade  at  different  rates  for  different  conditions. 
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The  notion  of  the  figure  of  merit  developed  above  does  afford 

a  mean*  of  normalising  theee  condition#  for  such  a  comparison. 

Figure  5-1  above  the  concept  applied  to  the  simulation  output 

when  16  hita  occur  over  the  bean  dwell  interval  am.  a  value  of 

CL“0  ia  employed.  Other  detector  eettinga  are  the  sum  aa 

previoualy  Hated.  A  fruit  rate  of  one  thoueand  replies  per 

aecond  la  assumed  and  the  reaulta  are  presented  aa  a  function 

of  the  transponder  reply  probability.*  The  basic  data  obtained 

from  the  simulation  are  the  probability  of  detection,  F^;  the 

probability  of  code  validation  given  detection,  P(v|d);  and 

the  azimuth  angle  measurement  jitter,  o..  Thi*  term  la 

indicated  by  the  weighting  function,  g.  with  the  break  at  P  - 

?  r 

0.8  occurring  when  a.  ■  1.8  prp  and  the  relative  value  of 

♦ 

0.5  at  P  -  0.7  occurring  when  o  »  2.3  prp  aa  discussed  above. 


The  curve  designated  by  PQP(VjD)  represents  the  probability  that 
the  target  is  detected  and  the  code  la  validated.  If  target 
position  nolne  is  of  no  concern,  then  this  curve  is  a  fair 
measure  of  performance.  The  additional  requirement  on  the 
angle  measurement  reaults  in  the  overall  index,  Q,  shown  aa 
the  product  of  PQP(vjD)  and  g^.  Initial  deterioration  in 
performance  is  dur*.  to  code  validation  which  falls  below  the 
90%  lev<U  when  P^  *  0.87.  A  slight  decrease  in  PQ  also  occurs 
at  this  point,  but  the  general  condition  of  the  display  (except 
for  poorer  code  validation)  does  not  change  appreciably  until 
azimuth  jitter  becomes  noticeable.  On  the  basis  of  the 
standards  used  here,  the  displayed  quality  of  information  la 


*  Performance  is  much  more  sharply  dependent  upon  PR  than  on  even 
reasonably  high  fruit  rates  aa  Indicated  by  Table  5-1  and  discussed 
more  fully  in  the  appendix. 
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about  AOS  poorer  at  a  value  of  P  ■  0.75  than  it  is  for  a  value 
of  P  of  0.9  or  better. 

T 

A  comparison  with  this  clrcuaetance  la  indicated  in  Pigure  5-2, 
which  represents  the  same  case  except  the  detector  confidence 
level  parameter  is  selected  as  CL**4  rather  than  the  value  CL-0 
previously  used.  Here  we  again  note  a  deterioration  beginning 
.  P^,  -  0.9,  but  this  time  due  to  a  decreased  probability  of 
detection.  The  onset  of  azimuth  jitter  limitations  do  not 
begin  until  the  reply  probability  has  fallen  to  0.75.  General 
quality  of  the  display  for  this  point  is  55S  of  the  desired 
quality,  however,  as  indicated  by  the  value  for  Q. 

Th«v.',  although  little  overall  difference  in  performance  is 
noticed  between  choices  of  CL-0  and  CL«4  whan  >_  0.8,  it 
would  seem  chat  a  choice  of  CL**4  might  be  preferred  in  an 
environment  typified  by  a  transponder  reply  probability  lower 
than  0.8. 

Processor  performance  with  wesk  targets  is  indicated  in  the 
mutt  V~wo  figures.  Conditions  in  Figure  5-3  are  the  same  as 
those  represented  in  Figure  5-1  except  the  target  width  Is 
only  9  hits  rather  than  16.  Although  azimuth  jitter  is  never 
a  problem  over  che  range  of  indicated,  the  overall  system 
figure  cf  merit  suffers  from  a  low  P(vjD).  Loss  in  the  pro¬ 
bability  of  detection  causes  a  sharper  drop  in  performance 
with  values  of  Pf  below  0.9  as  ehovn  by  their  joint  effect,  Q. 

A  change  of  confidence  level  setting  to  a  value  of  CL-4  results 
in  the  variations  shown  in  Figure  5-4.  Here  the  probability 
of  detection  is  the  performance  determining  factor.  Although 
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P(V|D> 


If  HITS 
MOOES  1.  2.  0 
CL-4 
Ff  -  1  K/8EC 

W 


P„P<V|D) 


i - 1 - r~ - 1 - r 

.9  .8  .7  .8 

REPLY  PROBABILITY,  PR 


FIGURE  6  2 

M'T*'.  j  MODE  RESPONSE  FOR  16  HITS,  CL  -  4 
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MOOES  1, 2. 0 

CL-0 
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FIGURE  M 

MISSING  MODE  RESPONSE  FOR  9  HITS,  CL  -  4 
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both  aslauth  Jitter  and  coda  validation  remain  accaptabla, 
the  overall  characteriatica  rapreaanted  by  Q  are  vorse  than 
with  a  choice  of  CL*0. 


5.2.3  Tolerable  Limits 

Establishment  of  acceptable  limits  on  the  degradation  of  the 
TPX-42  displayed  information  was  beyond  tha  scope  of  the 
present  effort,  this  determination  would  Involve  human  factors 
consideration  of  controller  a trass  levels  under  a  variety  of 
circumstances  as  well  as  an  analysis  of  work  load  effects 
attributable  to  the  poorer  information  quality. 

Indicated  values  of  the  figure  of  merit,  Q,  may  be  assigned 
a  statistical  significance,  however,  even  though  this  is  some¬ 
what  short  of  the  desired  goal  of  determining  a  lover  bound 
on  tolerable  performance.  If  Q  denotes  the  average  probability 
of  successfully  obtaining  a  desired  condition  on  a  particular 
scan,  the  probability  of  the  failure  to  achieve  this  condition 
in  n  successive  scans,  f(n),  is  given  for  stetlstlcally  Indep¬ 
endent  events  by 

f (n)  -  <1-Q)n  (5.4) 

This  probability  cf  failure  for  n  successive  looks  is  shown  in 
Figure  5-!  for  values  of  Q  ranging  from  0.9  to  0.5.  Use  of 
these  curves  is  Illustrated  by  supposing  Q  ■  0.9;  the  proba¬ 
bility  of  falling  to  obtain  a  success  in  two  successive  scans, 
f(2)  is  then  0.01.  A  reduction  of  the  figure  of  merit  to  0.8 
would  degrade  this  probability  of  two  successive  failures  to 
0.04.  Treatment  of  the  probability  of  successfully  displaying 
specified  percentage  of  the  targets  on  each  scan  might  also 
use  this  approach. 


Utility  of  any  analytical  or  simulation  effort  is  determined  by 
the  level  of  credibility  imparted  to  its  output.  Field  measure¬ 
ments  and  corroborative  experiments  usually  determine  this 
credibility  when  possible.  The  present  evaluation  effort  has 
reflected  this  attitude.  Additionally,  it  has  attempted,  when 
possible,  to  formulate  the  representative  inputs  and  output 
characteristics  in  terms  that  have  already  achieved  a  level  of 
accepted  usage.  Although  the  effect  of  mutual  Interference  on 
ATCRBS  has  been  Isolated  as  far  as  possible  from  other  system 
mala4ies  in  this  effort,  an  attempt  has  been  made,  nevertheless, 
to  examine  how  these  interference  related  effects  behave  In 
concert  with  other  ATCRBS  problem  such  as  target  fading. 

On  the  basis  of  this  evaluation,  several  judgments  regarding 
ATCRBS  performance  may  be  made  on  a  more  quantitative  basis  than 
was  previously  possible.  Certain  of  these  points  arc  describee 
in  the  following  section:  an  integration  of  the  analytical 
model,  experimental  measurements,  and  the  simulation  outputs  is 
next  employed  to  yield  a  guideline  type  forecast  of  ATCRBS 
capabilities . 

6.1  Cenetal  Comments 

Analytical  results,  supported  by  the  experimental  data,  have 
indicated  the  interference  conditions  are  more  critically  depen¬ 
dent  upon  the  effective  interrogation  population  than  they  are 
upon  the  traffic  count.  This  seems  intuitively  apparent  since 
the  interrogators  act  to  degrade  the  reply  probability  on  the 
uplink  as  well  as  increase  the  fruit  rate  on  he  downlink  for  a 
fixed  traffic  distribution.  Moreover,  the  fraction  of  the  traffic 
within  the  interrogator  minor  lobe  response  range  contributes 
much  more  significantly  to  the  net  fruit  rate  than  does  traffic 
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V laired  only  by  the  scanning  sain  baa.  Zb  euch  •  cut  the  uee 
of  si4e~lobe  blanking  Instead  of  aynchronoua  defruitlag  ahould  be 
considered. 

A  emplace  assessment  of  the  behavior  of  transponders  was  not 
possible  during  this  task,  but  the  available  data  suggest  that 
other  factors  stay  be  ae  significant  in  Influencing  performance 
as  is  the  busy  condition  caused  by  current  uplink  Interrogation 
and  SLS  rates.  Response  to  stray  single  pulses  (e.g.,  pulses 
radiated  on  the  suppression  antenna)  and  possibly  the  relative 
properties  of  the  SLS  radiation  characteristics  at  typical  sites 
are  examples  of  these  other  potential  sources  of  performance 
degradation. 

Several  inferences  may  also  be  made  concerning  interrogator  imple¬ 
mentation  and  discipline.  Restraining  the  proliferation  of  inter- 
rogators  has  enhanced  system  performance  and  should  be  continued 
with  diligence.  SLS  implementation  has  been  effective  In  reducing 
the  uplink  Interrogation  rate  on  Modes  3A/C,  and  the  power 
reduction  program  eees>8  to  have  reduced  the  average  SLS  Inhibit 
rate.  It  should  be  evident  also  in  this  regard  that  any  unneces¬ 
sary  use  of  Improved  SLS  should  be  avoided.  In  addition  to  this, 
further  attention  to  the  pulse  radiation  characteristics  may 
be  warranted. 

No  evaluation  of  the  effects  of  signal  fading  on  the  ATC  system 
due  to  nulla  In  antenna  coverage  was  Intended  In  this  program. 
However,  since  the  ARTS  tracker  Is  Influenced  by  such  effects. 

It  was  considered  necessary  to  examine  how  this  target  width 
variation  Influenced  the  antl-lnterference  capabilities  of  the 
system.  Similarly,  data  were  also  collected  on  the  weak  target 
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response  of  Che  TPX-42  since  this  could  impact  the  best  overall 
choice  of  operational  settings  of  the  detector  parameters.  Hence, 
while  these  results  should  be  regarded  ae  only  tentative,  it  is 
perhaps  worthwhile  to  offer  a  few  guidelines  on  the  relative 
effects  of  signal  fading  and  interference  induced  degradations. 

Figure  4-1  for  fixed  width  targets  in  ARTS  III  shows  that  the 
track  correlation  ratio,  T^,  remains  above  0.9  for  low  fruit  rates 
and  reply  probabilities  above  0.85;  signal  fading  Imposes  a  more 
stringent  limitation  on  PR  for  Tc  ?  0.9  as  indicated  in  Figure 

4- 2.  Here  we  see  that  reply  probabilities  greater  than  .95  are 
needed  for  equivalent  cracker  performance.  Comparison  of  Figures 

5- 1  and  5*  3  for  the  TPX-42  with  CL  ■  0  and  one  mode  missing  in 
the  reply  train  show  similar  behavior  for  strong  targets  (16  hits) 
and  weak  targets  (9  hits)  .  In  this  case  fer  a  common  fruit  rate 
of  IK  replies/sec,  it  is  noted  that  Q  value  above  0.7  obtains  for 
16  hits  when  PR  la  above  0.8  while  a  value  of  PR  $  0.9  is  required 
for  the  same  lower  bound  on  Q  with  9  hits  on  the  target. 

As  a  general  recommendation,  an  Improvement  in  the  elevation  plane 
coverage  of  the  Interrogator  antenna  should  improve  both  the 
signal  fading  problem  in  the  system  as  well  as  provide  a  means  of 
reducing  the  impact  of  interference  on  the  ATC  systems.  Wh<le  both 
aircraft  and  Interrogator  antenna  Improvements  are  needed,  a 
major  link  Improvement  would  result  from  a  reduction  In  interro¬ 
gator  coverage  null  depths  since  this  would  enable  the  system  co 
better  tolerate  aircraft  antenna  shielding  occurring  at  these  null 
location  angles. 

6.2  Forecasting 

Measurements  obtained  In  the  test  program  support  the  initially 
assumed  analytical  model  In  all  respects  except  for  the  slightly 
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low  reply  probability  associated  with  the  measured  op  link 
wnviroiMnc.  Later  meaaurroents,  however.  Indicate  t.ut  much 
of  this  dlacrepency  can  be  accounted  for  end  eo  for  our  present 
purpose  we  will  suppose  that  the  suggested  nod  el  Is  adequate  for 
representing  system  behavior  froa  the  point  of  view  of  Interroga¬ 
tion  and  SLS  rates.  Under  this  circumstance  and  for  typical 
system  parameters,  vs  nay  write 


(6.1) 


where  is  assumed  to  be  about  one  third  the  value  of  v^.  Sub¬ 
stitution  of 


(6.2) 


into  this  relationship  yields 


P 


K 


(6.3) 


which  expresses  the  reply  probability  in  terms  of  the  interrogator 
population  characteristics. 

The  downlink  fruit  rate  was  found  to  be  closely  approximated  by 
the  relationship 

VjaO.IMvj  (6.6) 


which  becomes 

vf  *  10“3  v  M  n 


(6.5) 
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using  Equation  (6.2)  and  6*4*.  Moraovar,  if  “  •  2?0Ht,  than 


vf  a  0.3  M  d  (6.6) 

whara,  as.  usual,  M  ia  the  traffic  count  and  n  la  tha  interrogator 
count.  Thaaa  aaac  assumptions  in  Equation  (6.3)  result  in 


-4.2  X  10"4n 

h*  e 


(6.7) 


Equations  (6.6)  and  (6.7)  provide  coupling  relationships  between 
the  sources  of  the  interference  condition  and  the  average  levels 
of  this  interference  under  typical  conditions.  Figure  4-2  depicts 
how  these  average  values  of  p^  and  affect  the  ARTS  III  output, 
the  track  correlation  ratio.  Froa  this  curve  we  any  read  the 
various  combination  of  and  which  coabina  to  produce  a 
constant  level  of  T£.  A  f sally  of  these  curves  of  constant 
values  of  nay  thus  be  constructed  and,  by  use  of  Equations 
(6.6)  and  (6.7),  these  constant  contour  relationships  nay  be 
plotted  in  terns  of  the  papulation  of  interrogators,  n,  and  the 
traffic  count  within  view,  M. 


Figure  6-1  is  the  reault  of  ouch  an  exercise.  Unite  on  the 
average  traffic  count  for  a  specified  lnterrogetor  population 
and  ainioua  permitted  value  on  the  average  track  correlation  ratio 
are  ahown  in  this  plot.  A  value  of  i  0.65  with  an  Interrogator 
count  of  n  •  40,  for  Instance,  would  permit  a  aaxlaum  average 
value  of  M  ft  2,000  aircraft.  The  slope  of  theee  curves  is  also 
of  interest  since  it  indicates  chat  systaa  ptrforaani-'-  ia  more 
critically  dependent  upon  the  nuaber  of  Interrogators  than  it  1e 
upon  the  traffic  count.  These  Units  are  only  those  irposed  by 
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TRAFFIC 


the  asynchronous  interference  effects  considered  here  and  do  not 
include  other  possible  limitations  such  as  synchronous  garble. 

Values  of  T*  corresponding  to  a  variation  in  n  for  fixed  values  of 
M  nay  be  read  fro*  Figure  6-1  In  order  to  determine  how  system 
behavior  is  influenced  when  Che  traffic  count,  M,  is  the  parameter 
examined.  Two  cases,  M  -  300  and  M  »  1,000,  are  Indicated  in 
Figure  6-2.  We  may  note  here  that  T^,  -  0.9  for  a  typical  busy 
condition  today  of  M  ■  300  with  n  »  40;  if  this  same  level  of  Tc 
is  to  be  retained  for  M  ■  1,000,  then  n  must  be  reduced  to  about 
twenty-five.  As  a  matter  of  Interest,  it  might  also  be  observed 
that  changes  in  associated  with  changes  in  M  for  fixed  values 
of  n  are  performance  changes  loduced  by  different  fruit  levels. 

On  Che  other  hand,  changes  in  n  for  fixed  values  of  M  correspond 
to  variations  in  both  the  reply  probability  as  well  as  the  fruit 
level.  This  accounts  for  the  increased  slope  of  the  curves  and 
for  che  greater  separation  in  them  as  n  Increases. 

Performance  characteristics  shown  in  Figure  6-2  may  also  be 

related  to  available  traffic  forecasts  in  order  to  approximately 

assess  future  system  limitations.  Such  traffic  forecasts  are 

available  for  the  Mew  York,  Los  Angeles,  and  Chicago  terminal 
9 

areas.  If  a  nominal  radius  of  50  to  60  miles  defines  this  ter¬ 
minal  area,  then  the  cumulative  distribution  of  Figure  3-1  shows 
that  about  601  of  Che  total  traffic  in  view  (indicated  here  by 
M)  ia  within  this  area  in  New  York.  The  curve  in  Figure  6-2 
labeled  M  «  1,000  thua  corresponds  to  a  terminal  area  count  of 
about  600  transponder  equipped  alrcraf l  for  a  similar  distribu¬ 
tion.  A  terminal  area  count  of  about  600  aircraft,  or  h  ■  1,000. 


6-7 


is  expected  In  New  York  in  1995,  la  Chicago  in  1980,  and  in 
Los  Angeles  within  a  year  or  so  on  the  basis  of  the  referenced 
forecasts. 


SlfMMARY  AMI)  CONCLUSIONS 

Mutually  induced  interference  conditions  in  an  ATCRBS  terminal  area 
have  been  examined  on  an  integrated  basis  in  this  program.  Synchro¬ 
nized  measurements  enabled  the  isolation  of  uplink  and  downlink 
interference  phenomena  along  with  simultaneous  estimations  of  the 
sources  of  this  interference.  Average  values  of  these  measurements 
as  well  as  many  burst  characteristics  corroborated  the  results  of  an 
analytical  model  coupling  the  environmental  features  to  their  effects 
on  the  surveillance  system.  Parallel  simulation  efforts  enabled  an 
association  of  this  environmental  degradation  with  deterioration  in 
performance  of  the  ARTS  III  and  TPX-42  processors.  Subsequent  com¬ 
bination  of  these  results  provided  an  overall  assessment  of  the  impact 
of  system  loading  (interrogator  and  transponder  equipped  traffic 
populations)  on  the  output  charac teristics  of  these  ATC  systems. 

These  results  should  prove  useful  in  forecasting  and  in  system 
planning  efforts. 

Measured  weekday  afternoon  conditions  in  the  areas  of  New  York  and 
Boston  are  summarized  below. 

1.  Mode  3A/C  average  interrogation  rates  of  110  interrogations/second 
have  been  measured  at  an  altitude  of  8K  ft.  in  the  vicinity  of  New 

York  City.  It  has  been  estimated  from  FAA  records  that  this 
uplink  condition  was  produced  by  a  visible  population  of  approxi¬ 
mately  40  interrogators.  Similar  measurements  in  the  Boston  area 
with  an  estimated  interrogator  count  of  about  25  have  indicated  a 
total  interrogation  rate  of  nominally  65  interrogations/second. 

2.  Average  side  lobe  suppression  rates  monitored  in  the  above 
environments  were  about  one  third  the  interrogation  rates  in  New 
York  and  about  equal  to  the  interrogation  rate  in  the  Boston 
area,  where  many  of  the  measurements  were  made  in  the  immediate 
vicinity  of  several  interrogators. 


3.  Monitored  fruit  rates  near  JFK  averaged  about  1,700  replies/ 
second.  Associated  airborne  counts  of  approximately  150  beacon 
equipped  aircraft  were  radially  distributed  on  a  cumulative 
basis.  Average  fruit  rates  in  the  neighborhood  of  300  replies/sec 
were  recorded  near  Boston  with  a  similar  distribution  of  about  40 
aircraft. 

4.  Average  values  of  the  above  parameters  were  in  reasonably  good 
agreement,  whether  computed  from  measurements  made  over  the  38ms 
beam  dwell  interval  or  from  integration  over  the  7-second  antenna 
scan  period.  These  averages  are  based  on  smoothing  intervals 
varying  from  10  minutes  to  about  one  hour.  Measured  short  term 
features  are  well  represented  by  statistical  models  of  the  envi¬ 
ronment  . 

The  following  conclusions  may  be  developed  from  an  analysis  of  these 
results  in  terms  of  an  analytical  model  of  the  interference  environ¬ 
ment  . 

1.  Recorded  traffic  distribution  associated  with  the  fruit 
measurements  indicate  that  the  major  portion  of  these  unwanted 
replies  were  produced  by  traific  within  the  interrogator  antenna 
minor  lobes  rather  than  from  traffic  located  in  the  main  beam. 

2.  The  experimentally  derived  probabilities  of  reply  garble 
associated  with  these  fruit  rates  are  closely  approximated  by  a 
Poisson  model  with  an  event  interval  time  of  25  to  35  Ms.  This 
factor  is  consistent  with  the  detector  degarbling  characteristics 
employed  in  the  data  collection. 

3.  Initially  measured  transponder  reply  probabilities  were  some 
five  percent  lower  than  values  expected  on  the  basis  of  the  proba¬ 
bility  of  the  transponder  being  busy  with  another  reply  or  being 
suppressed  when  interrogated.  Later  measurements  with  a 


modified  decoder  indicate  that  transponder  response  to  uncounted 
interfering  single  pulses  appear  to  have  produced  this  effect. 

This  performance  degradation  due  to  the  random  pulse  suscepti¬ 
bility  of  the  unit  employed  in  the  tests  was  more  serious  than 
was  the  degradation  attributable  to  the  measured  interrogation 
rate. 

4.  SLS  implementation  and  the  power  reduction  .program  have  re¬ 
duced  the  uplink  average  interrogation  rate  and  the  average  number 
of  side  lobe  inhibits. 

5.  Average  uplink  and  downlink  interference  conditions  are 
closely  represented  by  statistical  models. 

6.  Measured  average  characteristics  were  in  agreement  with  the 
theoretical  model. 

Simulation  of  the  ARTS  III  and  TPX-42  performance  deterioration  in  an 

interference  environment  was  accomplished  by  statistically  representing 

■  f 

the  input  conditions,  rather  than  by  the  more  commonly  used  traffic/ 
interrogator  model  generators.  This  enabled  parametric  variation  of 
the  transponder  reply  probability  and  fruit  rate  in  such  a  way  that 
system  sensitivity  to  critical  conditions  could  be  determined.  Break¬ 
down  conditions  thus  determined  could  then  be  related  to  the 
environmental  conditions  through  the  experimentally  measured  results 
and  use  of  the  analytic  model. 

The  following  conclusions  result  from  this  assessment  of  the  ARTS  III 
performance  properties: 

1.  The  basic  ARTS  III  system  performance  will  degrade  under  con¬ 
ditions  of  increasing  fruit  and  decreasing  probability  of  reply. 
Under  the  assumptions  of  the  study,  which  used  the  system  parameters 
and  logic  of  the  Chicago  ARTS  III  operational  program  as  of 


January  1972,  it  appears  that  tracking  performance  will  degrade 
noticeably  when  the  reply  probability  drops  below  .85  and  fruit 
rate  input  to  the  defruiter  is  greater  than  30K  per  second. 

2.  The  quantitative  results  presented  here  are  applicable  only 
to  the  ARTS  III  detection  and  tracking  parameters  used  for  this 
study.  More  judicious  choices  of  system  parameters  plus  field 
tested  logic  improvements  have  been  shown  to  improve  system 
performance  under  field  conditions. 

3.  In  an  environment  of  high  reply  probability  and  low  asynchro¬ 
nous  fruit  the;  surveillance  performance  of  basic  beacon-level 
ARTS  is  limited  by  the  existence  of  narrow-width  targets  engendere 
by  antenna  shielding  and  vertical  lobing  effects. 

A  comparison  of  the  results  of  this  study  related  to  fixed  and 
variable-wid tii  targets  predicts  that  substantial  benefits  are  to  be 
gained  through  stabilization  of  the  target  widths.  Not  only  would 
immediate  improvement  to  current  performance  levels  result,  but  also 
the  susceptibility  to  future  environmental  degradations  would  be 
lessened . 

Similar  conclusions  may  be  drawn  from  the  TPX— 42  study  with  the  onset 
of  rapid  deterioration  in  the  output  quality  for  a  reply  probability 
of  about  0.85.  Performance  is  generally  more  critically  dependent 
upon  this  parameter  than  upon  any  reasonably  expected  fruit  rates. 

As  with  the  ARTS  til,  the  affect  of  weak  targets  is  to  accentuate 
this  rate  of  performance  degradation  with  interference. 

A  forecast  of  the  ARTS  III  tracker  output  variation  based  on  the 
results  of  this  program  indicates  that  a  reduction  in  the  interrogator 
population  by  a  factor  of  almost  two  (o.g.,  45  to  25)  would  be 


required  if  the  same  level  of  performance  was  maintained  for  a 
traffic  count  within  view  which  increased  from  300  aircraft  to  1,000 
aircraft.  This  latter  figure  corresponds  to  about  600  aircraft  in 
the  terminal  area. 

Assuming  approximately  45  interrogators  and  the  current  traffic 
forecasts,  the  results  of  the  measurements,  analysis,  and  simulation 
show  that  the  ATCRBS  reply  probability  and  fruit  rate  will  degrade 
the  present  ARTS  III  tracking  in  Los  Angeles  in  a  year  or  two,  in 
Chicago  in  1980,  and  in  New  York  in  1995. 


RECOMMENDATIONS 


1.  Further  evaluation  of  the  transponder  reply  probability  should 
be  undertaken.  Particular  attention  in  these  efforts  should  be 
directed  towards  decoder  recovery  times  and  the  Influence  of  random 
single  pulses  on  the  unit’s  behavior.  It  is  recommended  that  a 
survey  of  existing  transponders  be  conducted  to  determine  the  extent 
of  the  problem  uncovered  by  this  program. 

2.  Further  measurements  should  be  conducted  to  obtain  a  greater 
sample  of  environmental  situations.  Tests  in  the  Los  Angeles  area, 
with  its  continual  report  of  abnormally  high  interrogation  rates, 
would  be  worthwhile. 

3.  The  results  o*.  the  analytic  a1  methods  developed  in  this  task 
should  be  incorporated  in  a  complete  assessment  of  a  congested  area, 
such  as  Los  Angeles,  to  predict  when  intolerable  degradation  would 
occur  and  what  actions  would  be  most  effective  in  forestalling  it. 

In  this  recommended  study,  in  addition  to  the  asynchronous  inter¬ 
ference  treated  here,  the  problem  of  synchronous  interference  should' 
also  be  considered. 

4.  The  results  of  this  program  show  promise  for  utilizing  the  data 
collection  and  reduction  features  of  the  ARTS-III  in  the  task  of 
inferring  the  basic  causes  of  system  degradation.  It  is  recommended 
that  a  short  study  be  undertaken  to  assess  the  validity  and  utility 
of  this  approach,  as  part  of  the  ATCRBS  Monitoring  Program. 

5.  Constraints  on  interrogator  operation  and  proliferation  should  be 
maintained  to  assure  adequate  system  performance  because  the  number 
of  interrogators  has  a' greater  Impact  on  system  performance  than  the 
number  of  aircraft. 


6.  Side  lobe  blanking  should  be  considered  as  an  alternative  to 
synchronous  defruiting,  especially  in  terminal  areas  wl  th  concentra¬ 
tions  of  traffic  near  the  interrogator.  It  is  recommended  that  the 
program  to  investigate  receiver  side  lobe  suppression  be  re-emphasized. 

7.  Further  analysis  and  experimentation  is  needed  to  quantitatively 
determine  the  effects  of  a  degraded  beacon  environment  on  the  control¬ 
ler.  It  is  recommended  that  such  a  program  be  established  using  the 
simulation  facility  at  NAFEC. 

8.  It  is  recommended  that  the  various  modeling  efforts  now  being 
conducted  by  the  FAA  be  compared  with  the  approach  used  in  this 
program  to  disclose  advantages  and  limitations  of  each,  and  to  reveal 
possible  areas  of  simplification. 


APPENDIX  A 


INTERROGATION  ANALYSIS 

The  probability,  p^,  of  a  transponder  being  busy  replying  to 
another  interrogation  when  a  desired  reply  is  elicited  may  be 
expressed  as 

Pb  =  p(s|i)pi  (1) 

where 

Pi  =  probability  of  another  illuminating  beam  over¬ 
lapping  the  desired  illuminating  beam 

p(sji)  =  conditional  probability  that  another  inter¬ 
rogation  in  the  same  time  interval  will 
overlap  the  desired  interrogation  given  that 
an  overlapped  beam  illumination  has  occurred. 

For  asynchronously  related  interrogation  repetitions  at  an  average 
rate  of  the  conditional  probability  above  may  be  estimated  on  a 
duty  cycle  basis  with  the  result  that 

a  X  xT 

p (s  |  i)  ss  — - -  (2) 

v 

where 

a  =  average  number  of  overlapping  beams,  given  that  an 
overlapped  condition  has  occurred. 

1^.  *  interrogation’  lock  out  time  *  80  ys 
t  =  interrogation  repetition  average  period  »  — 

V  \i 
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If  A  is  the  average  number  of  randomly  related  overlapping  scanning 
beams ,  then 


a 


\ 


“  •'»  P, 


(3) 


Substitution  of  these  relationships  into  Equation  (1)  yields 

Pb  Vx  “  li  <4> 

which  expresses  the  probability  of  a  busy  condition  in  terms  of  the 
average  number  of  beams  illuminating  the  target,  A,  the  response 
time  for  a  reply,  t^,  and  the  average  rate  of  interrogations  over 
the  network  of  illuminating  units. 

Now  the  probability  that  no  beam  will  overlap  the  desired  beam  is 
just 


p0  =  1  -  p1  (5) 

From  the  Poisson  distribution  for  an  average  number  of  over¬ 
lapping  beams  given  by  A ,  we  may  write 


p(T«) 


,L  -A 
A  e 

l: 


(6) 


where  p(L)  is  the  probability  of  L  overlapping  beans.  With  L  ■  0, 
p(0)  *  p0  and  from  the  above, 


(7) 


The  probability  of  no  overlapping  beam  in  a  network  of  n  indepen¬ 
dently  related  beams  with  an  average  width  of  $  degrees  can  also 
be  expressed  as 


A- 2 


(8) 


Equating  Equations  (7)  and  (8)  results  in 


\  *  -n  in 


360 


(9) 


Values  of  4<  are  typically  four  degrees  so  that  ygy  <<  1  and  the 
relationship  for  |Z;<^1  given  below  may  be  used, 


In  ( 1  -  Z )  -  -  Z  -  1/2  Z  -  1/3  Z' 


(10) 


Equation  (9)  then  becomes 
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which  is  closely  approximated  by  the  first 


term  only,  or 


X 


~  n 


360 


(12) 


With  this  result  in  Equation  (4),  the  probability  of  the  trans¬ 
ponder  being  busy  is  just 

Pb*  "  360  "  TI  (13) 

This  expresses  the  busy  condition  in  terms  of  the  illuminating 
interrogator  network  properties  and  the  transponder  response 
time.  Neglecting  other  link  characteristics,  the  transponder 
reply  probability  may  be  expressed  in  terms  of  this  last  relation¬ 
ship  since  in  this  case, 
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pR  *  1  -  Pb 


(14) 


So, 


PR  "  1  - 


n360  v  rI 


(15) 


It  is  of  interest  to  note  the  agreement  between  this  formulation 
of  the  problem  and  the  simpler  one  based  on  the  assumption  of 
random  arrivals  at  a  rate  which  yields 

PR  *  e~  Vl  (16) 

which,  for  l,  is  approximated  by 

PR  “  1  “  v  ‘I  <17> 


Equations  (17)  and  (15)  are  identical  when  Vj  is  interpreted  as 
the  average  interrogation  rate  resulting  from  the  n  interrogators, 
or 


v,  ~  n 


$  - 
360  V 


(18) 


This  development  of  the  model  has  the  advantage  of  providing  esti¬ 
mates  on  the  burst  characteristics  of  the  uplink  condition,  since 
the  probability  of  any  L  overlapping  beams  may  also  be  computed. 
The  resulting  impact  on  p^  is  then  just  a  straightforward  exten¬ 
sion  of  the  procedure  outlined  above. 
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LIST  OK  SYMBOLS 


A 


KRP  » 


M 

MTL  = 

n  = 


p(m|j)  = 


p(n)  = 
PR  " 


Average  number  of  looks  by  typical  interrogator  in  time,  Tg 
Effective  radiated  powet  (dBW) 

Average  probability  of  clear  look  due  to  the  Influence  of  a 
single  additional  interrogator 

Receive  antenna  gain 

Transmit  antenna  gain 

Total  traffic  count  within  view 
Minimum  threshold  level 
Number  interrogators  within  view 
Probability  of  clear  reply 

Probability  of  detection 

Probability  of  garbled  reply 

Conditional  probability  of  m,  given  occurrence  of  j 
Average  probability  of  clear  look  for  n  interrogators 
Transponder  reply  probability 

Receive  power 

Transmit  rower 

Probability  of  code  validation  given  detection 
Average  probability  of  illumination  for  a  single  unit 
TPX-42  performance  index 
Minor  lobe  range  in  miles 
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K  *  Mninb oil ra  range  in  miles 

1  --  ARTS  Ml  t  rack  correlation  ratio 

v‘ 

I'  -  Scan  period  oi  i nst rumen l ml  interrogator 

% 

-  =  Fraction  <>t  tii  trai  l  ic  within  minor  lobe  range 

-  Minor  n<!n  volume  eiiii  iency  I  actor  determined  by  radiation 
.  -  Average  number  oi  beams  simultaneously  illuminating  target 

•y 

-  Average  t  «  i  <_ i on  r.iLe  .* i  int  errogator  population 
«  Average  ini ;  t  rate  fvepf  i  es/sec) 

V  *  Average  op?  ini',  interrogation  rote 

/  »  Average  replv  rate  oi  transponders  (sum  of  Modes  3A  and  C) 

K 

v..  *  Average  SLS  inhibit  rate 

J 

=  Wei giit ed  sum  of  and 

To  -  Scan  period  oi  typical  interrogator 
i  *  Azii.uth  measurement  jitter 

't* 

•  „  *  Average  beam  dwell  interval 

i  «  Bracket  pair  interval 
K 

i  =  Kf feet ive  beamwidth  of  interrogators  (in  dagrmms) 

( 
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ARTS  III  DEGRADATION 


This  appendix  has  been  separately  published  as: 

"Executive  Summary:  ATCRBS/ARTS  III  Performance  in  High  Fruit  and. 

Low  Probability  of  Return  Environment",  by  J.  E.  Freedman,  K.  M.  Levi:  , 
and  J.  A.  Keenan  III,  MITRE  MTR-6212,  dated  13  July  1972 

A  niore  detailed  description  of  this  simulation  task  is  given  in  the 
final  report: 

"ARTS  III  Detector  and  Tracking  Performance  as  a  Function  of  Degraded 
Beacon  Environment",  by  J.  E.  Freedman  and  K.  M.  Levin,  MITRE  WP-8579, 
The  program  was  directed  in  Department  D-44  by  J .  A.  Keenan,  III. 


EXECUTIVE  SUMMARY 


BACKGROUND 

1.1  Study  Objective 

The  objectives  of  Liu*  work  documented  by  this  paper  have  been: 

1.  I'o  determine  t.ht*  range  ol  sensitivity  of  the 
basic  ARTS  III  performance  to  environment  degrada¬ 
tions  . 

2.  Provide  a  family  of  parametric  curves  (over 
the  range  of  sensitivity)  relating  key  ARTS  III 
performance  measures  to  degradation  in  the 
environment, 

J.  To  generally  relate  sys  em  degradation  to 
Increase  workload  experienc  •  by  controllers 
using  th*.  system. 

To  pursue  these  objectives  the  primary  tool  has  been  a  set  of 
computer  programs  collect!  .'ely  called  the  MITRE  "Basic  ARTS  III 
Surveillance  Model". 

Terms  used  in  this  document  are  defined  in  Pezza,  A.  T.,  "NAS 
Glossary  and  Acronyms",  MITRE  Working  Paper  8124,  Revision  2, 
Washington,  D.  C. ,  29  September  1971.  (U) 

1.2  The  ATCRES/ARTS  III  System  Combination 

On  a  radar  video  display  (plan  view  display)  basic  ARTS  III  adds 
alphanumeric  identity  and  flight  data  to  targets  representing 
ATCRBS  beacon  equipped  aircraft.  This  data  reduces,  for  the 
radar  controller  in  the  Terminal  Radar  Control  (TRACON)  room, 
the  workload  associated  with  maintaining  flight  strips  containing 
that  same  information.  The  association  of  identity  data  with 
one  particular  beacon  target  in  the  auto  tracking  area  occurs 
automatically  if  the  aircraft  is  utilizing  a  discrete  (12  bit) 
beacon  code,  has  flight  plan  Information  within  the  computer 
data  base,  and  if  that  beacon  target  is  unique.  If  any  of  these 
three  conditions  is  not  met,  the  association  of  alphanumeric  data 
with  a  displayed  target  can  be  Initiated  manually  by  the  control¬ 
ler  (if  the  target  is  in  the  auto-tracking  area).  Furthermore, 
if  the  data  and  target  become  disassociated,  a  manual  action  is 
required  to  re-ini flare  if  any  of  the  three  conditions  are  again 
or  still  not  met. 


Basii:  ARIS  III  automatical  iy  associates  (Mode  C)  altitude  data 
with  any  beacon  target  representing  an  aircraft  tr ana ponding 
to  altitude  inquiries.  The  altitude  data  can  be  displayed  as 
alphanumeric  data  automatically  at  the  option  of  the  controller. 
This  capability  can  reduce  both  controller  and  pilot  workload 
and  subs  tan it  i  a  J 1  v  it  auce  t !»«-  use  of  air-ground  voice  communica¬ 
tions  related  to  altitude  (status)  determination.  The  intro¬ 
duction  oi  basic  ARTS  111  has  made  possible  a  fuller  utilization 
of  ATCRBS  capability  than  has  been  common  in  the  TRACON  prior  to 
ARTS  Ill,  since  the  Mode  C  data  has  not  been  conveniently  avail¬ 
able  to  contro  1  it rs  without  ARTS  111.  Further  details  of  the  ' 
ARTS  1 1 1  ''Timet  iona  l  capability  aie  found  in  Levin ,  K.  M.  "System 
Descr  iption--»Au»  om.it  -u  Radar  Tormina!  System  III  (ARTS  III)", 
MITRE  T'j.chni  t.  a  1  -!-.t>,  Washington ,  D.  C. ,  3  August  1970. 

This  document  i:»  o  1 1  on:  the  FAA  as  SP0-MD-600.  (U) 

An  eaiuin  •••■.iieiif  uo-.o  l.'pire;:’.  is  underway  for  ARTS  III  which  is 
planned  imp  ion*  :i..  adci ;  toi.a i  functional  and  technical  features 
onto  tin-  V  :  ■ .  ■  -his  ill.  1  «•>  oi>: ,  results  in  this  paper  which 

relate,  to  Altlh  it!  r.-psosent  a  lower  bound  on  expected 

ARTS  l  L I  p.-r:  .  .  :.tu. s  . 


ih 


AR !  -> 


I  • 


■;;y« ■:  1  latn  e  Model  and  Its  Validation 


A  set  of  computer  progrjiis-,  collectively  referred  to  as  tne  MITRE 
"Basic  ARTS  ill  Survei i ! -nee  Model"  has  been  used  to  support  this 
study.  It  was  developed  to  support  system  implementation  engi¬ 
neering  associated  with  ARIS  1.11;  it  has  been  modified  slightly 
to  meet  the  needs  ol  chin  study.  Tne  model  architecture  comprises 
the  following  five  moduli.-:  an  aircraft  Lraffic  generator;  a 
target  synthesizer;  the  ART.',  beacon  target  detector;  the  ARTS 
tracker;  and  a  statist;,  »  \  ana!  v. : «  package. 


Verification  oi  the  surveillance  Model  has  included  successful 
comparisons  of  model  predictions  with  actual  field  test  measure¬ 
ments  performed  during  the  ARTS  III  Engineering  Performance 
Assessment  Tests  at  Chicago  in  1971.  Further  validation  has 
included  successful  comparison  of  operational  site  (Chicago) 
tracking  performance  wi  tli  model  tracker  performance  using  the 
same  target  data  (which  had  been  recorded  by  the  ARTS  III  opera¬ 
tional  program  data  extractor).  The  detector  and  tracker  models 
arc  regarded  as  reasonably  faithful  representations  of  the  actual 
ARTS  III  functions. 


The  range  of  environmental  conditions  tested  and  used  for  model 
verification  has  been  limited  to  a  high-reply-probability ,  low- 
fruit  environment  typical  for  an  ARTS  III  site.  The  emphasis 
in  this  study,  however,  nas  been  to  extrapolate  the  performance 
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predictions  co  degraded  environments  (i.e.,  low  reply  probability, 
high  fruit) ,  a  region  where  the  model  has  not  yet  been  validated. 
Since  such  environment  degradations  do  not  presently  exist  In 
practice,  (and  may  never  be  as  hostile  as  the  limits  tested), 
validation  in  this  region  is  difficult.  A  rigorous  verification 
would  require  the  use  of  some  special  preprocessing  equipments 
to  randomly  remove  incoming  target  replies  snd  insert  random 
fruit  replies  to  represent  the  full  range  of  environmental  con¬ 
ditions  of  interest.  This  type  of  model  verification  has  not 
bten  done.  Nevertheless,  there  is  no  Indication  that  the  model 
Is  not  reasonably  valid  even  in  the  extremely  hostile  environ¬ 
ments  used  for  parts  of  this  study. 


VAR1ABLKS  MXaMINKD 


Generally  It  is  not  possible  in  a  system  as  complex  as  the 
ATCRBS/ARTS  III  combination  to  control  any  variables  Indepen¬ 
dently  in  the  pure  sense,  thus  considerable  post-experimentation 
analysis  has  been  required  to  separate  and  relate  the  dependent 
and  independent  variables.  Independent  Variables  3  and  4  (below) 
were  i dent i tied  as  appropriate  variables  to  consider  after  the 
scudv  effort  started  and  therefore  are  not  explicitly  identified 
In  the  original  study  objectives. 

2.1  in dependent  Variables 

The  onle*  ti'  e  inu.-ncn.tHt  «.  ear tab tes  for  this  study  have  been: 

.  be;..-:,  i'  iv  >  r.  amort  ai  Asynchronous  Fruit  Rate  - 

"in  : mount*  i  •syncru .  beacon  transponder  replies 

..  ar«.  rv-.-; vc<i  with  the  desired  true  replies 

i  ••  1C  'll 


!  ■  *'• :  4  j  ?  y  -'•?  iVr-lv  -  IT,**  probability  that  the 

t  • »  •  .  !e:  will  reply  ro  a  detected  interrogation . 

3  :  ;  t  .  . ;  a-  Angc  !;>r  Width  -  The  angular  width 

ovci  v'.iic.i  both  tie  f  ransponder  is  capable  of 
derectin,  interrogat. i-'-ns  and  the  ATCRBS  receiver 
is  capable*  or  detecting  the  replies.  A  variable 
target  'width  distribution,  as  shown  in  Figure  2-1, 
is  used  to  approximate  the  present  transponder  and 
interrogator/receivei  antenna  combination.  For 
certain  simulation  runs  a  fixed  target  width  was 
used  '  degrees)  to  consider  a  limiting  case  if 
transponJet  and  interrogator/receiver  antenna 
improvements  wore  made. 

The  ARTS  III  Logical  Design  and  Parametric 
Operation  -  The  performance  of  ARTS  III  under 
several  conditions  of  different  operational 
program  logic  design  and  of  different  operational 
parameter  settings. 

2.2  Dependent  Variables 

The  objective  dependent  variables  have  been: 

1.  Probability  of  Detection  -  The  probability 
that  a  received  beacon  signal  will  be  detected 
by  the  ATCRBS/ARTS  Ill  combination  detector. 
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-•  Failure  to  Discern  Mode  C  -  The  probability  that 
a  target  which  is  transponding  to  Mode  C  interroga¬ 
tions  will  not  be  identified  as  a  "Mode  C"  target. 

3.  Probability  of  Code  Validation  -  The  probability 
that  at  two  identical  consecutive,  ungarbled 

altitude  or  identity  codes  will  be  received  from 
a  target. 

I’rohuhi !  i  tv  of  Erroneous  Code  Reports  -  The 
prolvr»l>  i  !  i  ty  that  an  erroneous  altitude  or  identity 
code  will  be  reported  for  n  target. 

b.  Fraetii)!:  of  Targets  Classified  Weak  -  The 
percentage  of  targets  declared  which  have  a 
run  length  below  the  weak-strong  threshold 
setting.  This  characteristic  is  less  important 
with  the  revised  tracking  logic  which  U3es  weak 
as  wei!  as  ?.t»vng  tat  gets  for  auto-acquisition 
and  secoiis  ,j<,s  recorrelation.  Tills  is  included 
because  t  :  f;e  results  which  are  related  to  the 
earlier  AKI  Lli  logic  design  which  did  not  so 
fully  weak  targets. 

b.  Probability  of  Target  Splits  -  The  probability 
that  a  single  target  wili  be  reported  as  more 
than  one  target. 

7.  Distribution  of  Azimuth  Errors  -  The  relation¬ 
ship  of  azimuth  errors  to  an  independent  variable. 

8.  Processing  lime  Utilization  -  The  percentage 
of  available  computing  time  used. 

9.  Track  Correlation  Ratio  -  The  ratio  of  the 
number  of  scans  a  track  correlates  to  the  number 
of  scans  it  is  tracked  (sometimes  this  has  been 
called  tracking  blip/scan). 

10.  Probability  of  Track  Loss  -  The  ratio  of 
the  number  oi  tracks  which  disassociated  at 
least  once  to  the  total  number  of  tracks. 

11.  Number  of  Aircraft  Tracked  -  The  number  of 
aircratt  actually  tracked  at  least  once  during 
an  experiment  run. 


D— 6 


BEST  AVAILABLE  COPY 


].!.  Controller  Workload  -  The  aaourt  ot  work 
required  of  the  controller  to  asintain  status 
and  tracking  of  aircraft  under  his  control. 


100 
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FIGURE  2*1 

DISTRIBUTION  OF  TARGET  WIDTHS  USED  IN  SIMULATION  FOR 
VARIABLE-WIDTH  TARGETS 


3.  MAJOR  RESULTS 

3.1  Detec  tor  Performance*  Results 

Or  the  eight,  detector  performance  measures  examined  (items  1 
through  S  under  2..!)  the  two  which  were  most  affected  by  the 
postu l.it o.l  environmental  degradations,  hence  those  having  the 
greatest  advei  >;«•  impact  on  the  system  performance,  were  the 
probability  ot  detect  ie.n  and  the  probability  of  erroneous  code 
report.  I?  was  round  that  degradations  in  the  reply  probability 
chief ly  resulted  in  lowered  detection  probability  (Figure  3-1) 
while  the  major  effect  of  an  increasing  asynchronous  fruit  rate 
was  an  increasing  number  of  erroneous  code  reports  (Figums  3-2 
and  3-3) .  Since  the  tracker  requires  both  code  and  position 
«. orre !at ion  from  the  new  report,  a  degradation  of  the  tracking 
performance  ensues  from  either  or  both  of  the  above  conditions. 

The  detector  performance  curves  presented  in  portions  of  this 
paper  pertain  to  performance  attained  when  the  base  set  of 
detector  no  rami ters  are  used  (as  was  the  case  in  July  1971). 

There  has  been  and  is  an  effort  underway  to  refine  system  per- 
; or ma nee  by  improving  the  civ  ice  of  parameters.  This  exercise 
'  as  beer.  *.einp  feted  at  <  i «  ago  where  the  new  parameters  are  now 
ji!  opera’  iona'.  use.  The  new  settings  selected  for  Chicago 
basically  reflect  the  choice  of  a  lower  threshold  in  order  to 
provide  improved  detection  of  weak  targets  (i.e.,  those  incurring 
antenna  shielding  or  vertical  lobing  effects)  and  a  shorter  pro¬ 
cessing  window  for  improved  azimuth  resolution.  The  lowered 
thresholds  wore  permitted  by  the  low  occurrence  of  false  synchro¬ 
nous  targets  at  this  particular 'Site. 

To  provide  an  example  illustrating  the  impact  of  using  the 
improved  settings  some  additional  simulation  runs  were  made 
with  these  settings.  The  probability  of  detection  curves  for 
the  different  settings  art  shown  in  Figure  3-4.  A  comparison 
of  the  curves  shows  the  improved  settings  (in  use  on  January 
1972)  to  have  markedly  less  sensitivity  to  degradations  in 
the  reply  probability.  The  use  of  the  base  set  (i.e.,  those 
in  use  during  July  of  1971)  of  detector  parameters  in  this 
study  can  therefore  be  considered  as  leading  to  pessimistic 
estimates  of  performance  (when  there  are  few  synchronous  target 
problems) . 

Note  that  In  the  portion  of  the  curve  descriptive  of  most  actual 
field  sites  (e.g.,  PR-.95  to  .99)  the  improvement  is  not  spectacu 
lar.  However,  at  the  limits  of  system  performance  (e.g.,  PR".  **> 
to  .85)  substantial  Improvement  can  be  seen.  Based  upon  this 
observation,  it  can  be  said  most  of  the  detection  performance 
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limiting  characteristic:;  identified  in  this  report  can  be  expected 
to  improve  as  innovations  and  enhancements  are  implemented  in  the 
field. 

3.2  Tracker  jVr t  onn.inet*  Resu Its 


The  ARTS  III  Tracker  is  sensitive  to  environmental  degradations. 
Two  primary  tracker  performance  measures ,  Track  Correlation  Ratio 
at'..'  Track  l.oss  Probability  will  degrade  with  Increase*  in  fruit 
levels  and  decrease*,  in  the  reply  probability.  The  tracker  is 
more  sensitive  t  de« reuses  u:  the  reply  probability  than  to 
increases  in  fruit  rate.  This  occurs  because,  as  probability 
ot.  reply  decrease*:,  the  proliuh :  1  j  t  v  of  detection  also  decreases 
(See  Figure  l-l'V;  1 1.  s  ;  in  turn  provides  the  tracker  with  less 
information  (ni  ssrtig  tat  get  reports).  Increased  fruit  rates 
cause  the  d«**  lam?  : ei;  targets  with  either  erroneous  or  garbled 
Cade** .  Ill  is  *  *»>v  ,>i  nuv  not  cause  the  tracker  to  fall  to 

i'i '  e  1  c  t ».» . 

For  targets  of  I  ;  .  i  width  (1<>  hits  or  ) ,  it  appears  that  the 
tracking  system  1- grades  most,  n  tic.eabl,  beLow  .80  reply  prob¬ 
ability  and  above  40K  fruit  pel  second  (Sec  Figures  3-5  and  3-6). 
For  this  study  fixed.  vi..th  target,  results  represent  a  theoretical 
situation  in  which  transponders  .ad  i nterrogator/receiver  antennas 
have  been  substantially  upgraded.  Variable  width  targets  (0°-6°) 
represent  the  current  state  of  transponders  and  antennas.  The 
distribution  of  target  widths  is  based  on  a  sample  of  targets 
from  Chicago  (S«.*e  Figure  2-1).  The  tracking  performance  for 
variable  target  cracks  is  always  below  that  for  fixed  target 
tracks  (compare  figures  3-5  .mil  3-A  with  Figures  3-?*  and  3-8*). 
This  is  due  primarily  to  the  difference  in  probability  of  detec¬ 
tion  between  fixed  and  variable  targets.  For  variable  targets, 
the  performance  appears  to  degrade  most  noticeably  below  .85 
reply  probability  and  above  30K  fruit  per  second;  this  is  true 
ever,  when  weak  targets  are  utilized  for  recorrelation  in  the 
"process  unused  beacon"  (PUB)  routine  of  tracking  (See  Figures 
3-9  and  3-10).  Tables  3-1  and  3-2  show  the  increased  number  of 
aircraft  tracked  when  weak  targets,  as  well  as  strong,  are  used 
for  auto-acqulsition  and  recorrelation  of  discrete  tracks.  Figures 
3-9,  3-10,  and  3-11  plus  tables  3-1,  3-2,  and  3-3  show  the  general 
improvement,  in  the  tracking  performance  when  improved  logic  and 
parameter  settings  are  used.  Thus,  the  results  identified  in  this 
study  as  original  Inly  1971  data  should  be  considered  as  a  lower 
bound  on  tracking  performance*. 


The  anomalies  in  these  curves  (specifically,  the  lower  end  of  the 
50X  fruit  curves)  are  due  to  the  combination  of  sample  size  and 
reduced  track  life  for  the  sampled  tracks. 
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It  does  not  appear  that  tracking-related  processing  time  is 
adversely  affected  by  environmental  degradations.  Lowered 
reply  probability  is  expected  to  result  in  less  tracking- 
related  processing  since  there  are  less  reports  with  which  to 
correlate.  Increased  fruit  levels  are  expected  to  require 
more  tracking-related  processing  because  of  additional  garble 
and  code  checks. 

3.3  Controller  Workload  Effects . 

It  is  felt  chat  the  predominant  factor  affecting  controller 
workload,  as  the  environment  degrades,  will  be  the  manual 
acquisition  or  reacqui  ition  required  when  tracks  do  not 
auto-acquire  or  when  t  .  »y  disassociate.  The  idea  of  defining 
a  system  breakdown  po  t  :  as  a  function  of  environmental  degrada¬ 
tions  has  been  found  to  t.e  nn  exercise  heavy  with  subjectively, 
unless  extensive  additional  studies  are  performed.  For  the  pur¬ 
pose  of  this  study,  it  is  suggested  that  the  knee  of  the  track 
loss  probability  curve  be  considered  as  an  operating  point 
beyond  which  substantial  controller  objection  would  be  noted. 

This  th«. n  becomes  an  operating  condition  to  be  avoided.  As  can 
be  notec  from  Figures  3-9  and  3-10  this  point  is  about  .85  prob¬ 
ability  of  reply  for  variable  width  targets  (current  environment) 
and  about  .80  for  fixed  width  targets  (the  hypothesized  improved 
ATCRBS  environment).  Bv  noting  the  "number  of  aircraft  tracked" 
columns  in  both  Tables  3-1  and  3-2  it  can  be  clearly  seen  that 
controller  workload  due  to  manual  acuqisition  is  reduced  if  weak 
targets  (as  well  as  strong)  are  used  in  the  auto-acquisition 
process.  Again,  these  limits  can  be  expected  to  improve  (i.e., 
the  knee  move  to  lower  probability  of  return  conditions)  as 
improvements  are  implemented  in  the  next  several  years. 

This  study  does  not  attempt  to  relate  the  workload  required  to 
determine  which  of  several  identified  targets  is  the  true  target 
and  which  is  a  target  resulting  from  synchronous  fruit  (side 
lobe,  reflections,  etc.).  Since  ARTS  III  identifies  only  one 
target,  it  any,  the  workload  associated  with  this  controller 
effort  is  not  appropriate  for  this  study. 
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TABLE  3-1 


ARTS  III  Tracking  Performance  For  Variable 
Width  Targets,  Zero  Fruit 


Considering  The  Utilization  ot  Weak  Reports  (or  not)  in  the 
tracking  logic. 


Reply  Probability 

Number  of  A/C 
Tracked 

Track  Correla¬ 
tion  Ratio 

Percent 
Track  Lost 

Case  1 ,  no  weak 

.65 

targets  used:. 

2 

.04 

100 

.75 

22 

.28 

64 

.85 

56 

.67 

20 

Case  II,  weak  as 

well  as  strong  targets  used: 

.65 

58 

.09 

98 

.75 

58 

.4, 

52 

.85 

58 

.74 

7 

i 


TABLE  3-2 


ARTS  III  Tracking  Performance  For  Fixed 
Width  Targeca,  Zero  Fruit 


Conalderlng  the  utilisation  of  weak  targata  (or  not)  In  the 
tracking  logic 


Reply  Probability 

Nuaiber  of  A/C 
Tracked 

Track  Correla¬ 
tion  Ratio 

Percent 
Track  Loot 

Cr..ie  I,  no  weak 

targeta  used: 

65 

0 

70 

3 

.075 

100% 

75 

17 

.543 

24% 

80 

44 

.745 

9.1% 

85 

57 

.872 

1.8% 

90 

58 

.958 

S.Z 

95 

59 

.993 

0% 

100 

59 

.9991 

0% 

Case  II,  weak  aa 

well  aa  atrong  targeta  uaed: 

65 

49 

.197 

96% 

75 

58 

.592 

21% 

80 

58  V 

*  765 

5.1% 

85 

58 

.886 

1.7% 
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TABLE  3-3 


KSTYS  III  Tracking  Performance  For  Verlable 
Width  Targets,  Zero  Fruit 


Coneidering  nev  detection  and  tracking  parameters  and  new  tracking 
logic 


Reply  Probability 

Number  of  A/C  Track  Correia- 

Tracked  tlon  Ratio 

Percent 
Track  Lost 

Caee  I,  Old  tracking  logic,  tracking  parameters  and  detection 
parameters 

.65 

2 

.039 

100 

.75 

22 

.282 

64 

.80 

41 

.526 

37 

.85 

56 

.666 

20 

.90 

57 

.802 

9 

.95 

58 

.878 

5 

1.00 

58 

.919 

0 

Caee  II,  Hew  tracking  logic,  tracking 

parameters 

parameters,  and 

detection 

.75 

53 

.701 

17 

.80 

54 

.784 

11 

.85 

57 

.848 

4 

.90 

57 

.886 

4 

.95 

58 

.916 

3 
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PROBABILITY  OF  ERRONEOUS  CODE  REPORT  GIVEN  DETECTION 


gjUggpp 
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m 


VARIABLE-WIDTH  TARGETS  WITH  MODE  C 
ALL  CODES  DISCRETE 


ALTITUDE  CODE 


IDENTITY  CODE 


sS'-V-r-* 


ASYNCHRONOUS  FRUIT  RATE  (PER  SEC) 


FIGURE  3-2 

PROBABILITY  OF  AN  ERRONEOUS  CODE  REPORT  VS.  FRUIT  RATE.  AND 
REPLY  PROBABILITY  FOR  VARIABLE-WIDTH  TARGETS 
(INCLUDES  ALL  VALIDITY  LEVELS) 
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PROBABILITY  OF  ERRONEOUS  CODE  REPORT  GIVEN  DETECTION 


FIXED-WIDTH  TARGETS  WITH  MODE  C 
ALL  CODES  DISCRETE 


-----  ALTITUDE  CODE 
—  -  —  IDENTITY  CODE 


%  X 


ASYNCHRONOUS  FRUIT  RATE  (PER  SEC) 


FIGURE  3-3 

PROBABILITY  OF  AN  ERRONEOUS  CODE  REPORT  VS.  FRUIT  RATE  AND 
REPLY  PROBABILITY  FOR  FIXED  WIDTH  TARGETS 
(INCLUDES  ALL  VALIDITY  LEVELS) 
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FIGURE  3S 


All  Tracks  are  Discrete  MODE  C 
Targets  are  Fixed  ir.  Size  (4*) 
Chicago  ARTS  III  P.iraneters  (7/71) 


FIGURE  3-10 

ARTS  Ml  TRACKING  PERFORMANCE  FIXED  WIDTH  TARGETS 
VERSUS  STRONG/WEAK  ACQUIS'TION  CRITERIA 
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CONCLUSIONS 


1.  The  basic  ARTS  III  system  performance  will  degrade  under 
conditions  of  increasing  fruit  and  decreasing  probability 
of  reply.  Under  the  assumptions  of  the  study,  which  used 
the  system  parameters  and  logic  of  the  Chicago  ARTS  III 
operational  program  as  of  January  1972,  it  appears  that 
tracking  performance  will  degrade  noticeably  when  the  reply 
probability  drops  below  .85  and  fruit  is  greater  than 

3 OK  icr  second. 

2.  The  quantitative  results  presented  here  are  applicable  only 
to  the  ART?  Til  detection  and  tracking  parameters  used 

fot  this  study.  More  judicious  choices  of  system  parameters 
plus  field  tested  logic  improvements  have  been  shown  to 
improve  system  performance  under  fipld  conditions. 

3.  I.;  an  »•*.•  V ;  r.r.ment  of  high  reply  probability  and  low 
asynchronous  fruit  the  surveillance  performance  of  basic 
beacon-lev:  ARTS  is  limited  by  the  existence  of  narrow-width 
targets  engendered  by  antenna  shielding  and  vertical 

Lob  lug  -fit c rs . 

A  comparison  of  the  results  of  this  study  related  to 
fixed  and  var iable-vidth  targets  predicts  that  substantial 
benefits  are  to  be  gained  through  stabilization  of  the  target 
widths.  Not  only  would  immediate  improvement  to  current 
performance  levels  result,  but  also  the  susceptibility 
to  future  environmental  degradations  would  be  lessened. 

4.  All  measures  of  detector  performance,  with  the  exception 

of  the  target  split  probability,  were  found  to  be  sensitive 
to  environment  degradations.  However,  processing  time 
utilization  and  azimuth  accuracy  exhibited  only  minor 
sensitivity.  Degradations  in  reply  probability  will 
primarily  result  in  lower  probability  of  detection.  As 
fruit  increases,  the  percent  of  erroneous  codes  increases. 

As  the  number  of  targets  declared  increases,  detection 
processing  utilization  will  increase  linearly. 

5.  All  measures  of  tracking  performance  are  sensitive  to 
environmental  degradations  as  a  result  of  the  tracker's.-;'^ 
dependence  on  detector  performance.  The  tracker  performance 
is  primarily  dependent  on  probability  of  detection,  on 
failure  to  discern  Mode  C,  and  on  erroneous  Mode  3/A  code 
reports . 


No  statement  can  be  made  on  the  baaie  of  this  study  with 
regard  to  eyeteai  degradation  due  to:  1)  synchronous  fruit 
produced  by  aide  lobe  replies  or  reflection  replies  or  2) 
with  regard  to  aynchronoua  garbles 


7*  <>u*nt,c*tiv*  st*tement  can  be  made  about  when  system 
breakdown  would  occur  due  to  controller  workload  increases 

/^tJfCtlV*ly*  the  knee  of  the  Probability  of  track  loss 
(PTL)  curve  is  believed  to  be  a  reasonable  first  order 
approximation  of  the  point  where  substantial  controller 
objection  would  be  noted  (i.e.,  .85  probability  of  return 
for  the  current  target  width  characteristics  and  .8  for 
the  fixed  width  targets). 
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5. 


RECOMMENDATIONS 


1.  Consider  the  expected  impact  of  a  degraded  beacon  environ¬ 
ment  on  the  enhanced  ARTS  III  system  which  Includes 
supplementary  primary  radar,  improved  beacon  signal, 
processing,  and  multi-sensor  radar/beacon  coverage  plus 
Improved  algorithms  and  parameter  settings. 

2.  Perforin  analysis  and  experimentation  needed  to  determine 
quantitatively  the  effects  of  a  degraded  beacon  environ¬ 
ment  on  controller  workload,  stress,  and  traffic  safety. 


3.  Study  the  effects  of  synchronous  fruit  (reflections  and 
side  lobe  replies)  and  main  beam  synchronous  garble  oa 
the  performance  of  the  ARTS  III  system. 
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APPENDIX  E 


TPX-42  DEGRADATION 

This  appendix  la  the  Executive  Sumaury  from  the  Final 
"AN/TPX-42  Target  Proceaaing  Simulation  Study",  by  S. 
and  A.  Borelli,  Hazeltlne  Corporation,  Report  #10773, 
1971.  The  program  was  directed  at  Kaxeltlne  by  i.  H. 
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Report: 

M.  Weinetein 
November  23, 
Cutman. 


A. 


AN/TPX-4 2  Svstem  Description 


The  AN/TPX-42  Interrogator  Set  is  a  complete  secondary  sur¬ 
veillance  radar  ground  interrogator,  processor  and  display  system.  It 
can  be  used  at  both  fixed  and  mobile  ATC  installations  for  the  terminal 
control  of  aircraft  equipped  with  beacon  transponders.  The  Interrogator 
Set  provides  for  the  transmission,  reception,  and  processing  of  signals 
as  specified  in  the  II.  S.  National  Standard  for  the  IFF  Mark  X  (SIF)/ 

Air  Traffic  Control  Radar  Beacon  System  (ATCRBS ) .  The  AN/TPX-42  normally 
operates  in  association  with  a  primary  radar  system  and  provides  special 
beacon  position  symbols,  and  aircraft  identity  and  altitude  numerics  on 
a  traffic  controller's  PPI  display. 

Components  of  the  Interrogator  Set  pertaining  to  the  beacon 
processing  function  are  the  defruiter  (interference  blanker)  and  the 
Beacon  Re  ply  Processor  (ERD.  The  defruiter  cnlv  passer-  a  reply  pulse 
when  it  is  synchronous  with  a  reply  received  on  the  previous  interrogator 
pulse  repetition  perio."  for  the  same  mode.  The  BRP  accepts  replies 
from  the  rfefruiiar  and  processes  these  replies  to  produce  a  digital  re¬ 
port  for  each  aircraft  on  every  scan  of  the  antenna.  This  target  report 
contains  aircraft  position  coordinates  (range  and  azimuth),  identity 
code  or  codes  and  altitude  data. 

The  AN/TPX-42  is  capable  of  operating  with,  the  beacon/IFF 
modes  1,  2,  3/A,  and  C  using  a  variety  of  interlace  patterns.  Operation 
with  various  primary  terminal  radars  is  expected  to  result  in  a  minimum 
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of  9  and  a  maximum  of  20  interrogations  per  scan  on  a  target.  The 
governing  AN/TPX-42  specification  (DOD-AXMS  65-527(B))  indicates 
*****  *n  *v*r«ge  number  might  be  1**  when  operated  at  a  pulse  repetition 
frdfeuency  of  360  interrogations  per  second  and  a  4  second  scan  period 
(15  RPM).  The  specification  requires  operation  in  an  environment  con¬ 
taining  a  maximum  of  128  targets  within  200  NH  of  the  radar.  Further¬ 
more,  the  equipment  must  be  capable  of  processing  up  to  32  targets 
simultaneously  within  the  beam  of  the  beacon  interrogator  antenna. 

8*  Beacon  Processing  Functions 

The  AN/TP)f-**2  beacon  processor  uses  a  statistical  decision 
device  called  a  "sliding  window"  for  the  detection  and  azimuth  center- 
marking  of  beacon  targets.  A  sliding  window  is  simply  a  shift  register 
of  fixed  length  (LU)  into  which  a  binary  "one"  is  entered  if  a  bracket 
decoded  reply  is  present  at  the  range  of  interest  on  a  particular 
pulse  repetition  period  (prp);  otherwise  a  "zero"  is  entered.  On 
successive  prp's  the  or.es  and  zeroes  shift  through  the  register.  When 
the  number  of  cr.es  in  the  register  reaches  a  preselected  "leading  edge" 

(LD  threshold,  the  target  leading  edge  is  declared  at  the  associated 
prp.  Trailing  edge  determination  is  made  when  the  number  of  ones  falls 
below  a  preselected  trailing  edge  threshold  (TE). 

o  Target  Detection  is  a  function  performed  to  determine 

whether  or  not  a  series  of  replies  received  within  a  given 
range  limit  on  successive  beacon  interrogations  (of  all 
modes)  constitutes  a  set  of  replies  from  a  true  target. 

The  declaration  of  leading  and  trailing  edge  is  one  compon¬ 
ent  of  target  detection.  The  other  is  confidence  check. 

o  Confidence  Check  is  a  function  performed  to  screen  and 
discard  spurious  false  targets  by  requiring  that  a  minimum 
number  of  bracket  decodes  (replies)  be  received  out  of  the 
defruiter  during  a  given  scan  across  the  target.  The  pre¬ 
selected  confidence  level  (CL)  must  be  met  or  exceeded  in 
order  to  allow  targets  (whose  leading  and  trailing  adges 
have  been  declared)  to  be  transmitted  to  the  display  processor. 


o  Code  Validation  is  a  function  performed  to  extract  and  re¬ 
port  the  most  provable  correct  code  value  from  the  set  of 
codes  (of  a  giver,  mode)  received  on  a  given  scan  across  the 
target.  The  technique  employed  in  the  AN/TPX-42  processor 
tc  validut--  a  cede  requires  that  two  consecutive  replies 
out  cf  the  defruit-’r  (in  the  same  mode)  match  and  at  least 
cr.e  must  oe  garble -free.  Target  reports  to  the  <  isplay 
processor  will  include  the  positional  data  on  detected  tar¬ 
gets'  and  validated  code  data  only.  Thus,  failure  to  validate 
identity  ■'and/*:-  altitude  code  will  result  in  the  absence  of 
r.>.  ai.vc_i.ar *3  in: ermati on  from  the  display, 
c  performed  by  averaging  the  leading 

and  trading  edge  measurement  (including  subtraction  of  an 
appropriate  dad .  Under  certain  conditions,  the  beacon 
processor  may  declare  the  presence  _f  more  than  one  target 
based  r:.  me  sequence  of  replies  from  a  single  target. 

An  j;  i"  .  ti.  <; 1 1 1  occurs  when  .eadi-.v  and  trailing  edges  are 
declared  mure  than  once.  This  results  in  the  reporting  of 
twe  or  n..:*-  targets  at  the  same  rim.,*-  with  slight  azimuth 
sep  ar.-»r  i  .  n .  This  condition  generally  results  in  incorrect 
su imuth  centermarking  c;  the  single  true  target. 

The  following  table  shows  the  range  of  adjustment  of  the  slid¬ 
ing  window  parameters;.*  the  AM/TPX— i  and  the  planned  typical  setting* 
for  government  evaluation  of  production  equipment. 


PARAMETER 

fan.;e 

TYPICAL  SETTING 

Window  Length  C Li) 

8-12 

8 

Leading  Edge  ThTeshc-d  (LE> 

1-4 

7 

Trailing  Edge  Threshold  (TE) 

0-2 

1 

Confidence  Check  Level  (CL) 

O 

t 

o> 

0 

C.  Method  of  Analysis 

The  primary  tool  used  in 

the  analysis  of 

the  AM/TPX- 42  is  an 

existing,  Hazeitir.e  developed,  computer  model  of  the  beacon  processing 
functions.  This  model  was  exercised  ir.  a  Monte  Carlo  simulation  to 
study,  the  impact  of  various  environments  on  target  detection*  code  vali¬ 
dation  and  azimuth  .enter. marking  accuracy.  The  environmental  factors 


accommodated  by  the  model  are: 

Transponder  Reply  Ratio  -  (TRR),  the  probability  that  a 
main  beam  interrogation  will  elicit  a  transponder  reply. 

This  probability  is  a  function  of  -any  factors  including  the 
number  and  location  c:  beaccn  interrogators,  their  coverage, 
transmitted  power  and  interrogation  rate,  use  of  side-lobe 
suppression,  aircraft  antenna  patterns  and  detailed  transponder 
suppr*»ssicn  characteristics. 

Fruit  Pate  -  The  average  rate  at  which  asynchronous  beacon 
reply  trains  occur  at  the  interrogator  of  interest.  Tnese 
"fruit"  replies  are -rt-sp  ::.ces  from  transponders  in  the  en¬ 
vironment  elicited  by  interrogators  other  than  the  interro¬ 
gator  interest.  Thiu  rate  depends  on  the  number  and  location 
of  inter:  tgatorw  and  tr.«r.st  under s ,  the  TRR  cf  the  transponders 
and  t  ;  ntrr  cru  .-.‘rating  characteristics. 

Hit::  F-r  •  *  :  <.  number  %:  interrogations  transmitted  as 

the  main  ••.it;  c:  the  interrogat'i  -.cans  the  target.  This  de¬ 
pends  t t..<*  an*er.;.i  rotation  rate,  interrogator  prf  and 
the  "e::e;t:vr-"  ahterr.a  be  drew  1  *  * (resulting  from  the  detailed 
interrogator  r:a  pattern  and  side- lobe-suppression  char¬ 
acteristic-  c:  the  transponder). 

Burst  Error::  -  This  is  a  fora  of  interrogation  link  inter¬ 
ference  due  to  another  interrogator  operating  in  the  coverage 
area  having  a  prf  nearly  synchronous  with  the  prf  of  the  in- 
':1‘ terrogatcr  of  interest.  The  interference  manifests  itself  by 
the  offending  it terrogatcr  "capturing"  the  transponder  for  a 
number  of  successive  pulse  repetition  periods,  thereby  denying 
service  to  the  interrogator  of  interest.  This  burst  error  can 
be  characterised  by  its  period  (in  prp's)  and  the  probability 
of  its  occurrence  cn  a  particular  target  scan. 

Target  Detector  Tarareters  -  the  sliding  window  length  (LW), 
the  leading  and  trailing  edge  thresholds  (LE,  TE)  and  the 
confidence  ohecic  level  (CL)  in  the  model  are  variable  over  the 
full  range  of  possible  AN/TPX-42  beacon  processor  settings. 

Mode  Interlace  -  the  particular  modes  <1,  2,  3/A,  C)  used  for 


interroga cior.  and  the  sequence  in  which  they  ere  used,  con¬ 
stitute  the  mode  interlace  pattern  of  an  interrogator.  The 
modes  elicit  different  types  of  coded  information  (e.g.  bar¬ 
ometric  alti'ode  •.  "ode  C,  identity  code  on  Mode  3/A)  from 


the  trar.D:  on  ter . 


'CSf :  _ar. 


late  changes  in  the 


interrogator  r.3d*-  Interlace  ac  well  as  allow  selection  of 
the  modes  t ~  which  a  transponder  will  reply. 

The  impact  -f  the  variation  in  these  factors  (representative 
different  env'ircr.r.er.tj )  u:  or.  system  ter : orr.ar.ee  (target  detection, 

'  val;ia*-i.*n.  ad:--;*.*:  at'o:  ....  vx.;r.ir.eo  1  y  performing  a  para¬ 

metric  invert. gatior. .  That  i...  a  par.vr.ete.  -a:  varied  over  its  ex¬ 
pected  range  (e.g.  transponder  ret. ly  ratio  free.  0.65  to  1.0)  while 
others  were  held  constant  to  -valuate  sensitivity  of  system  performance 
to  each  parameter  of  irteres: 

Th-:.  model  :f  two  parts,  a  data  generator  program, 

and  o  bearer,  target  j  .  ; :  ,;ri m.  Id*;  lata  generator  provides 

il)  the  target  reply  h:.:t>:y  ? it-cuer.ct  -f  ceded  replies/no  replies 
cared  or  trmspender  reply  ratio)  (1)  a  superimposed  burst  error 
condition  and  ( 1 )  e:;_  ;ded  fruit  replies  and  associated  garble  conditions, 
ihis  is  accomplished  by  a  se*  of  random  number  generators  which  are 
programmed  to  simulate  the  occurrence  or  eve;.ts  in  accordance  with  the 
desired  probability  (in  a  manner  consistent  with  detailed  equipment 
characteristics).  The  d-eaccr.  target  processing  program  operates  upon 
the  generated  data  using  a  model  of  the  sliding  window  to  determine 
(1)  whether  these  sequences  result  in  detected  targets,  (2)  whether 
codes  are  validated  and  (3)  the  act  muz.-.  centermark  cf  the  target. 

The  method  •:  •.  rmi  n-.-r  a  simulation  since 

the  statistical  results  are  gathered  by  repeating  an  experiment. 

This  experiment  cent  ists  cf  sending  a  reply  sequence  from  the  data 
generator  into  the  beacon  processor  and  r.cting  the  result.  This  is 
repeated  ?.tny  t:-<!s  with  varying  reply  sequences  and  the  results  are 
averaged  to  determine  the  probability  c:  detection,  etc.  In  designing 
the  simulation  experiment  ana  in  drawing  conclusions  from  the  data  ob¬ 
tained,  it  is  importer:'  ro  recognize  the  implication  of  using  a  partic¬ 
ular  number  of  iterations.  The  number  used  permits  one  to  associate 
a  certain  degree  of  confidence  with  the  data  accumulated  and  hence  on 
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the  conclusions  drawn  from  that  data.  The  greater  the  number  of 
iterations,  the  more  confidence  one  can  place  in  the  results.  However, 
computer  costs  and  availability  of  computer  time  place  an  upper  bound 
on  these  iterations.  One  hundred  iterations  were  used  in  this  program 
since  it  appeared  to  be  a  reasonable  compromise  between  confidence  in 
the  results  and  the  number  cf  different  cases  which  could  be  simulated 
within  the  available  time  period. 

D.  Major  Results 

MITRE  .representatives  suggested  that  primary  emphasis  be 
placed  on  gatherihg  statistics  using  the  "most  likely"  settings  for 
the  sliding  window  be*o~r.  processor.  Although  definite  settings  will 
■. t  b«.  selected  until  ccmpiecin:.  o:  a  planned  government  test  program, 
it  :s  our  understanding  that  Air  Perce  evaluation  of  the  AN/TPX-42  will 
commence  using  a  window  length  (LW)  cf  6,  a  leading  edge  threshold  (LE) 
cf  2,  a  trailing  threshold  (TE)  of  1,  and  a  confidence  level  CCD 

J  with  a  CL. - u  also  being  considered.  A  three  mode  interlace  (2,3, 
C,.,j,C)  would  prebativ  be  used  ar.d  between  9  ar.d  16  hits  per  beamwidth 
are  expected.  Acccr-dingiy,  the  majority  of  computer  runs  was  performed 
..ing  these  settt:v.:.  The  transponder  reply  ratio  (TRR)  was  varied 
fine  0.65  to  2.9L  ar.u  fruit  rates  of  300  tc  3C,000  reply  trains  per 
second  were  simulated.  Certain  runs  were  made  with  9,  16  and  30  hits 
per  scan. 

is  ultimately  judged 
by  its  ability  to  contribute  to  the  process  cf  aircraft  separation  and 
control.  The  air  traffic  controller  is  becoming  increasingly  dependent 
upon  the  ATCRES  for  aircraft  positional,  altitude,  and  identity  infor¬ 
mation.  Accordingly,  ~hc*  ideal  beacon  system  should  display  continuous, 
reliable,  accurate  information  on  all  beacon  equipped  aircraft.  This 
translates  into  a  set  cf  ideal  beacon  processing  performance  character¬ 
istics  namely: 

a.  ICCt  probability  of  detection  to  ensure  a  beacon 
report  on  each  target  on  each  antenna  scan  (consist¬ 
ent  with  acceptable  false-alarm  rate). 

b.  100%  probability  of  code  validation  for  each  beacon 
mode  on  each  antenna  scan  to  ensure  the  presence  of 
identity  and  altitude  information  for  each  target. 


1.  Acceptable  Levels  or  Performance 


The  performance  of  the  beacon  syst 
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c.  perfect  azimuth  centermarking;  beamsplit  azimuth  > 

standard  deviation  of  zero  degrees. 

d.  zero  probability  of  target  splits  (range  and  azimuth) 

such  that  a  single  (rather  than  multiple)  accurate 
posit  ion /rode  report  displayed  for  each  beacon 

target . 

Unfortunately ,  t:»e.  e  ideal  characteristics  cannot  all  be  met 
simultaneously  in  practice.  This  is  due  in  par*  to  the  environmental 
effects  (fruit  and  ♦■ransponder  reply  pr-  '.anility )  ,  which  force  a  com¬ 
promise  between  detection  rrobahj  iitv  ur.-t  fa  1 :  rm  rate.  The  govern¬ 

ing  AN/TPX-4  2  upeci tiaat  ten  iDOb-Al.MC  v.-vlt  (b) )  does  not  specify  the 
aforementioned  beacon  processing  perxormanev  probabilities .  Therefore, 
a  set  of  nominal  minimum  (maximum.)  acceptable  levels  of  performance 
are  suggested  for  evaluation  of  AN/TPX-fcz  processing.  These  are  based 
on  (1)  a  review  of  spec i flea: ions  for  certain  classified  beacon  process¬ 
ors  (2)  the  specif  i  .  i  .  r.  tr.  ja.'r.t  tAA/i  •  Common  Digitizer  used 

to  provide  beacon  data  u.  the  h AS  Enrou.t*  Control  Centers,  and  (3) 
Hazeltine's  judgment  y-rei ■ sated  on  years  of  exposure  to  the  spectrum 
of  beacon/IFF  system;,.  The  following  table  shows  the  specified  Common 
Digitizer  parameters  and  those  suggested  for-  use  for  AN/TPX-4 2  evalua¬ 
tion. 

TABLL  !■  -  i 


BEACCf.  FRaCnoC. 

Parameter 

PERFf  *MA?JCE  PARAMETERS 

Lr.-P.cut  e 

,  .  i 

' r.  . -■ ciu z e r 

AN/TPX-42 

Probability  of  Detection*’ 

9G% 

90% 

Probability  of  Code  7  ilidat  *,.n 

9S*. 

90% 

Azimuth  Accuracy ^ 

t.26°  11  flits  per  mode 

ftl  to  2  prp’sN 

i.4?s  23  hit-  per  mode 

i  .  25°to  .5°  J 

Percent  Azimuth  Spli‘s 

0*  (.1  .it...  pui  mode) 

1  to  2% 

1%  (23  hits  per  mode) 

Note  1:  At  £.76  transponder  reply  pr* hability 
Note  2:  Target  Detection  i erfornel  or.  Mode  3/A  only 
Note  3:  93*  of  targets  must  within  these  limits 

for  the  Cc~~.  n  Dig* t .  r.er .  The  value  for  AN/ 
TPX-42  i-  about  SSt  (ItT) 


Best  Available  Copy 
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To  the  controller,  a  90%  probability  of  detection  Mans  that 
there,  is  only  a  II  chance  of  failing  to  gat  a  target  report  on  two 
successive  antenna  scans.  Likewise,  a  90%  probability  of  code  valida¬ 
tion  means  a  1%  chance  of  missing  code  (or  altitude)  infonsation  cn 
two  successive  antenna  scans.  The  occurrence  of  azimuth  splits  can 
be  related  to  the  total  number  of  targets  to  be  processed  or  to  the 
number  assigned  to  a  controller.  Thus,  although  ?%  azimuth  splits 
means  about  2  to  3  splits  per  total  360°  antenna  scan  (2%  of  12* 
targets),  a  controller  responsible  fer  say  10  aircraft  would,  on  the 
average,  only  see.a  target  split  every  5  antenna  scans. 

The  reader  Ls  reminded  that  the  values  suggested  for  evalu¬ 
ating  AN/TPX-<*2  performance'  are  no-  government  specified,  but  repre¬ 
sent  a  Hazeltme  judgment.  They  are  used  only  tc  provide  a  basis  for 
evaluation  of  results. 

The  results  herein  are  based  on  100  iterations  for  aach  data 
»c:"- •  -hat  .s ,  in  generating  an  estimata  cf  an  output  parameter , 
data  from  100  independent  scans  cf  the  target  was  provided  to  the 
target  detector. 

2 .  Probability  of  Target  detection 

The  computer  simulation  was  used  to  study  the  effects 
of  transponder  reply  ratio,  fruit  rata,  confidence  level,  and  number 
of  hits  per  seen  on  probability  of  target  detection.  Figure  S-l 
summarizes  the  major  results.  The  suggested  nominal  minimum  acceptable 
level  for  probability  of  detection  is  90%. 

a.  With  16  hits  cn  target  and  a  confidence  level  of  zero 
(CL=0),  the  probability  of  detection  Mats  or  exceeds 
90%  for  fruit  rates  up  to  30,000  reply  groups  per 
second  and  for  transponder  reply  ratios  as  low  as 
0.65. 

b •  With  16  hits  on  target  and  a  confidence  level  of  four 
(CL**»)  probability  of  detection  Mets  or  exceeds  90% 

for  fruit  rates  up  to  30,000  as  long  as  TMt  exceeds 
0.75.  Below  TRR  of  0.75,  the  probability  of  detection 
falls  below  90%  even  for  fruit  rates  as  low  as  300 
reply  grow  s  per  second. 


c.  With  only  9  hits  on  target  and  a  fruit  rata  of  1000, 
the  probability  of  dataction  falls  below  90%  whan 
TRR  is  about  .1  (for  CL*0)  and  whan  TRR  is  as  graat 
as  about  .9  (for  CL:*). 

3 .  Cody  Validation 

The  computer  simulation  was  run  with  a  variety  of  con¬ 
ditions  to  study  the  code  validation  properties  of  the  AH/TPX-42.  The 
performance  was  generally  poor  (below  90%  probability  of  code  valida¬ 
tion)  for  all  cases  at  low  (less  than  3.P)  values  of  TRR.  Figure  S-2 
shows  the  results  fcr  the  IS  hit  case  with  the  processor  settings 
planned  for  use  in  v*.  .v.-  government  test  program  (namely  LV*8 ,  LE=  2 , 

TE=i  and  CL=C,  three  scdic  interlace).  I?  is  apparent  that  even  for 
fruit  rates  as  low  as  300  replies  trains  per  second*  the  probability  of 
cede  validation  falls  below  90%  fcr  TRR  below  0.85. 

•*.,  Azimuth  Accuracy 

Target  certerraarkir.g  accuracy  was  studied  as  a  function 
or  nits  per  scan*  confidence  level,  and  fruit  rate.  The  suggested 
inal  naxiaua  acceptably  level  cf  standard  deviation  of  reported 
:ar;et  azimuth  is  1  puit-e  repot i*icn  periccs,  ( 2  prp*  s)  which  represents 
uncut  0.5°  at  prf  cf  360  and  a  scan  rate  of  15  RPM.  See  Figure  S-3. 

a.  Azimuth  rrs  err j  Is  acceptable  (at  or  below  2  prp's) 
for  the  16  hit  case  fcr  fruit  rates  between  1000  and 
30,000  for  confidence  levels  of  0  and  4  even  for 
transponder  reply  ratios  as  low  as  about  0.7. 

b.  With  9  hits  the  azimuth  error  is  less  than  1  prp 
for  CL*0  and  v  far  t  fruit  rate  of  1080.  (Recall  how¬ 
ever  that  with  9  hits,  probability  of  detection  is  lass 
than  with  ths  16  hit  case ) . 

c.  When  the  number  of  hits  is  increased  to  30  (CLsO,  4, 

Fruit  *  1000)  the  azisnith  accuracy  degrades  (errors  greater 
than  2  prps)  with  TRR  as  high  as  .85.  Whan  TRR  falls 

to  0.65  the  centeraarking  accuracy  is  about  4.5  prps 
(greater  than  1  degree). 

d.  The  occurrence  of  target  azimuth  splits  with  16  hits 
on  target  was  simulated  with  CL*0  and  fruit  rataa  ha- 
tween  300  and  30,000.  For  valuas  of  TRR  below  0.8, 
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azimuth  splits  resulted  for  more  than  2%  of  the  targets 
as  shown  in  Figure  S-4 .  However,  because  of  the  small 
sample  size  associated  with  this  particular  estimator, 
no  accurate  probability  of  splits  can  be  assigned, 
e.  When  the  TPX-42  performance  was  examined  in  an  en¬ 
vironment  of  30  hits  per  scan  in  contrast  with  16 
(all  other  parameters  remaining  unchanged)  azimuth 
accuracy  and  target  split  performance  was  significantly 
degraded.  f ' ^ ; 

S:.  Other  Results 

'  — ; -  • 

Tne  computer  simulation  was  also  used  to  study  the  impact 
of  both  burst  errors  and  transponders  replying  to  only  two  out  of  three 
modes  (missing  mode)  on  system  performance.  In  general,  the  results 
indicate  that  burst  errors  with  probability  of  occurrence  of  0.1  seem 
to  have  no  core  degrading  effect  than  that  experienced  by  an  equivalent 
reduction  in  transponder  reply  ratio  (TRR).  The  impact  of  a  transponder 
with  a  missing  code  was  a  reduction  in  probability  of  detect. on  and 
azimuth  accuracy  at  lower  (0.6S)  values  of  TRR. 

An  analytic  investigation  of  false  alarm  rate  (false  target) 
generation  due  to  the  presence  of  fruit  was  performed  for  the  AN/TPX-42 
beacon  processor.  A  suggested  acceptable  level  of  performance  used  is 
one  (1)  persecond  which  is  approximately  the  same  as  the  Common  Digitizer 
(CD),  whose  allowable  false  alarm  rate  is  0.4  per  second  (i.e.,fcur  per 
ten  second  scan).  The  analysis  shows  that  with  a  confidence  level  of 
zero  ( CL=0 )  less  than  one  false  alarm  per  second  occurred  with  a  fruit 
rate  of  20,000  trains  per  second  and  about  6  false  alarms  per  second 
occurred  at  a  30.000  fruit  rate.  A  confidence  level  setting  of  four 
(CL=4)  resulted  in  satisfactory  performance  (less  than  0.4  false  alarms 
per  second)with  fruit  rates  up  to  30,000  per  second. 

E»  Conclusions 

A  Monte  Carlo  simulation  of  the  AN/TPX-42  target  detection  and 
code  validation  operation  was  performed  with  the  following  nominal 
detector  parameters: 

o  Sliding  Window  length  (LW):  8 

o  Leading  edge  threshold  (LE):  2  ; 

o  Trailing  edge  threshold  (TE):  1 
o  Confidence  level  (CL):  0 

o  Hits  per  target  scan:  16 
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Results  of  the  simulation  study  indicate  that  under  these  nominal 
operating  conditions,  satisfactory  performance  (as  measured  by  suggested 
criteria  included  herein)  is  obtained  for  all  performance  parameters 
of  interest  except  code  validation.  With  regard  to  code  validation, 
performance  is  below  acceptable  levels  when  the  fruit  rate  is  as  low 
as  300  per  second  and  TRR  is  less  than  0.8s.  Fruit  rates  of  30,000 
reply  trains  per  second  can  cause  unacceptable  performance  (i.e.  lese 
than  90%  probability  of  validation)  even  when  TRR  is  as  high  at  0.95. 

In  addition  to  determining  the  levels  of  performance  under 
nominal  operating  conditions  and  environment,  the  sensitivity  of 
system  performance  to  various  environmental  parameters  was  determined. 
Table  S-2  gives  a  qualitative  summary  of  these  sensitivities.  It  can 
be  seen  from  that  tabic  that  transponder  reply  ratio  (TRR)and  number 
of  hits  per  target  scan  have  the  greatest  effect  on  performance.  Prob¬ 
ability  of  detection  and  code  validation  are  the  performance  para¬ 
meters  cjost  sensitive  to  changes  in  environment. 

Parallel  measurement  programs  and  computer  modeling  efforts 
are  under  way  to  characterize  the  present  and  postulated  ground  and 
airborne  environments.  These  programs,  when  coupled  with  the  results 
presented  herein,  wi.,.1  provide  a  base  for  assessing  beacon  system 
performance  as  a  function  of  actual  operating  environments. 


TABU  S-2 


seniitivity  or  perpormance 

PARAMETERS  TO 

CHANGES  IN 

ENVIRONMENT 

ENVIROltP'tNT 

INCREASING 

DETECTION 

PROBABILITY 

INCREASING 

AZIMUTH 

ACCURACY 

INCREASING 
CODE  VALI¬ 
DATION 
PROBABILITY 

INCREASING 

PERCENTAGE 

Or  TARGET 
SPLITS 

Saa  Figuraa 

2-2  thru 

2-t 

2-T  thru 

2-10 

2-13  thru 

2-17 

2-lt  tl.ru 

2-20 

INCREASING 

FRUIT 

0 

0 

-2 

0 

INCREASING 

TRANSPONDER 

REPLY  RATIO 

♦a 

♦  2 

aj 

•  2 

INCREASING 

CONFIDENCE 

LEVEL 

-2 

♦  2 

♦  1 

Hfl 

INCREASING 

HITS 

*3 

-1 

♦  I 

as 

INCREASING 

NODE  REPLY 

RATIO 

Hi 

♦  I 

0 

e 

Sanaitlvity  Rating*: 

Plua  <♦)  Poeltiva  eerralation 

Hinua  <•)  Nagativa  corralaticn 

Santitivity  Laval): 

0  L'rwaf  factad  or  aildly  affactad 

1  Hodarataly  affactad 

2  Strongly  affactad 

S  Vary  atrcngly  affactad 
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APPENDIX  F 


DESCRIPTION  OF  EXPERIMENT 


This  appendix  contains  Sections  II  and  III  as  well  as  part  of  Section 
IV  from  the  Final  Report: 

"ATCRBS  Measurement  Program  -  Final  Report  (Measurements  in  the  N.Y.C. 
Metropolitan  Area),"  by  G.  L.  Olatfelter,  W.  P.  Goldberg,  R.  Rubin, 
and  I.  R.  Smith",  MITRE  MTR-2334,  Vol .  1  &  2,  24  March  1972- 

Other  results  from  the  experimental  program  are  contained  in: 

"ATCRBS  Measurement  Program  -  Interim  Report  (Measurements  in  the 
Bedford  Area),"  by  I.  R.  Smith,  MITRE  WP-4216,  18  February  1972  and, 
"Trandponder  Decoder  Performance  in  an  Interference  Environment", 
by  G.  L.  Glatf elter  and  I.  R.  Smith,  MITRE  WP-4332,  19  June  1972. 

The  last  flight  -  PR  -  98% 


The  experimental  effort  was  directed  in  Department  D-81  by  R.  C.  Renick. 
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Geographic  Locale 

To  obtain  data  in  a  high  air  traffic  density  terminal  area,  the 
experimental  measurements  were  carried  out  in  the  vicinity  of  John 
F.  Kennedy  Airport,  New  York  City.  Floyd  Bennett  Naval  Air  Station 
was  chosen  as  the  interrogator  site  because  of  its  proximity  to 
three  major  airports,  John  F.  Kennedy,  LaGuardia  and  Newark,  and 
because  of  its  favorable  terrain,  availability  of  primary  power  and 
facilities  for  securing  the  site.  A  map  of  Floyd  Bennett  Naval  Air 
Station  showing  the  interrogator  location  is  given  in  Figure  2-1  and 
the  relationship  between  the  test  sice  and  the  surrounding  airports 
is  .shown  in  the  tru;'  in  Figure  2-2. 

Interrogator  Configuration 

A  block  diagramatic  representation  of  the  interrogator/receiver 
is  shown  in  Figure  2-3.  The  major  equipment  consists  of  two  AN/UPX-6, 
transceivers,  an  antenna  rotator  AB/22I-TPS-1D  with  dual  rotary  joint, 
directional  antenna  AT-309  and  omnidirectional  antenna  AS-177.  One 
AN/UPX-6  is  used  to  transmit  the  sldelobe  suppression  pulse,  P^ ,  via 
the  AS-177  antenna  and  the  second  one  is  used  to  transmit  the  P^  and 
pulses  and  to  receive  transponder  replies  via  the  directional  antenna 
AT-309, 

The  UPX-6  transceivers  are  driven  by  a  modified  coder-decoder,  KY-274 
and  KY-275,  supplemented  by  a  PRF  and  trigger  generator.  The  combina¬ 
tion  of  KY-274,  KY-275  and  PRF  generator  is  capable  of  generating 
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gure  2-1  INTERROGATOR  SITE  AT  FLOYD  BENNETT 
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Modes  3/A,  C  and  D  either  separately,  or  Interlaced  In  pairs  on  a  one 
to  one  basis.  Interrogations  can  be  performed  continuously  or,  under 
the  control  of  the  data  processing  equipment,  in  a  burst  transmission 
mode  as  the  ancenua  beam  passes  the  azimuth  of  the  target.  The  video 
output  of  the  decoder  is  processed  by  the  data  processing  equipment 
and  also  displayed  on  two  UPA-35  PPI  displays.  The  unprocessed  video 
output  of  the  UPX-6  receiver  is  available  for  display  as  are  various 
other  signals  and  functions.  In  order  to  provide  a  clear  display 
for  photographic  purposes,  the  output  of  the  decoder  is  defruited 
by  a  Defruiter  AN/GPX-27.  Both  the  defruited  and  undefruited  outputs 
are  available  for  display.  One  UPA-35  is  provided  with  a  Control 
Indicator  C-2055  which  generates  an  area  gate.  The  area,  or  tracking 
gate  is  displayed  on  cite  PPI  displays  and  is  used  to  generate  various 
other  gates  and  timing  signals  as  described  below. 

To  assist  the  operator  in  tracking  the  aircraft,  the  unprocessed 
video  output  of  the  UPX-6  receiver,  that  is  received  during  the 
tracking  gate,  Is  integrated  and  presented  on  a  slow  »weep  storage 
tube  display.  The  storage  tube  also  display:  the  gates  generated  by 
the  data  processing  equipment  showing  the  operator  the  relative 
position  of  the  aircraft  and  the  tracking  gate. 

Voice  communications  with  the  test  aircraft  is  obtained  by  means 
of  a  VHF  equipment  manufactured  by  Comco  and  consisting  of  a  779 
receiver,  a  778  transmitter  and  a  780  power  amplifier.  The  power 
output  is  50  watts.  The  communication  channel  is  used  for  both  voice 


communication  and  the  transmission  of  synchronizing  signals  to  the  air¬ 
borne  portion  of  the  measuring  equipment.  The  synchronizing  signals 
are  a  400  H2  and  a  2000  Hz  tone  which  modulates  the  transmitter  at 
appropriate  times  under  the  control  of  the  data  processing  equipment. 

The  complete  interrogator  station  is  mounted  in  a  31  foot  trailer 
as  shown  in  exterior  view  and  several  interior  views  in  Figures  2-4, 

2-5  and  2-6. 

Operational  Considerations 

Referring  to  Figure  2-3,  it  is  instructive  to  trace  some  of  the 
more  important  signal  flows  that  occur  during  tracking  operation.  To 
avoid  interfering  with  the  normal  operation  of  the  ATC  system,  the 
FAA  specified  a  repetition  rate  of  258  interrogations  per  second  to 
be  maintained  throughout  the  tests.  This  repetition  rate  is  generated 
by  an  adjustable  PRF  generator  that  forms  part  of  the  modified  coder- 
decoder  and  is  used  as  the  basic  timing  signal  throughout  the  system. 

The  coder  section  of  the  KY-274  accepts  the  trigger  pulses  from  the 
PRF  generator  and  produces  drive  pulses  for  the  P^/P^  transmitter  and 
the  P0  transmitter  in  accordance  with  the  mode  selected  by  the  Mode 
Selection  Switch.  Three  modes  are  provided;  Mode  3/A,  Mode  C,  and 
Mode  D  with  spacings  between  P^  and  P^  of  8,  21,  and  25  ps  respectively. 
The  ?2  pulse  is  always  two  ps  after  P^ .  By  means  of  a  selector 
switch,  the  coder  can  be  made  to  interrogate  continuously  or  in  a  short 
burst,  once  per  revolution  of  the  antenna. 

The  azimuth  at  which  the  interrogation  burst  occurs  is  determined 
by  the  position  of  the  azimuth  cursor  on  the  PPI  display.  The  position 
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of  che  cursor  is  controlled  by  means  of  a  joystick  which  also  controls 
the  range  of  a  range  gate.  The  joystick  azimuth  and  range  information 
are  Inserted  into  the  Control  Indicator  which  combines  then  to  produce 
an  area  gate.  The  area  gate  consists  of  a  sequence  of  approximately 
30  range  gates  each  about  40  u»  long,  spaced  at  the  reciprocal  of 
the  PRF.  The  length  of  the  range  gatea  and  the  number  of  range  gates 
are  both  adjustable  by  means  of  range  and  azimuth  gate  width  controls 
in  the  Control  Indicator.  Since  the  area  gate  tends  to  have  a  some¬ 
what  slow  rise  and  fall  time  on  its  leading  and  tracking  edges,  it  is 
processed  further  by  the  data  processing  equipment  before  use  as  a 
final  tracking  gate.  The  data  processor  also  reproduces  a  set  of 
pre-triggers  whicn  are  returned  to  the  KY-274  coder  to  produce  the 
burst  interrogations.  For  these  tests,  the  burst  interrogations  and 
interrogations  used  for  acquisition  purposes  were  always  on  Mode  D. 

Replies  from  the  target  aircraft  are  received  by  the  P^/P^ 
receiver  and  decoded  by  the  KY-275.  Reply  Code  4000  that  is  not 
normally  used  in  the  N.Y.  ares  was  employed  to  segregate  the  target 
aircraft  Mode  D  responses  from  all  others.  The  decoded  replies  are 
displayed  on  the  PPI  and  also  passed  to  the  data  processing  equipment 
for  further  processing,  as  described  below.  The  signals  displayed 
on  the  PPI  are  the  primary  means  by  which  the  tracking  operator  keeps 
thf  area  gate  centered  on  the  target.  To  further  assist  in  maintain¬ 
ing  a  good  track,  the  operator  is  also  provided  with  second  display 
which,  In  effect,  expands  the  azimuth  scale.  The  raw  video  from  the 
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P^/P^  receiver  Is  gated  by  the  area  gate,  integrated  and  presented 
on  a  slow  sweep  storage  tube  along  with  the  tracking  gates  generated 
by  the  data  processing  equipment.  The  resulting  display  shows  the 
operator  the  relationship  between  the  target  and  the  gate  and  permits 
him  to  make  appropriate,  small,  iazimuth  corrections. 

The  decoder  output  consists  of  two  types  of  signals:  each  pair 
of  bracket  pulses  spaced  at  21.3  us  produces  a  narrow  pulse  output; 
the  correct  code  produces  a  wide  pulse  output.  The  data  processor 
recognizes  narrow  pulses  as  fruit  and  wide  pulses  as  legitimate 
replies  to  Mode  D  interrogations .  Since  the  Mode  D  reply  code  19  not 
usee  by  any  other  aircraft,  the  ratio  of  Mode  D  replies  to  Mode  D 
interrogations  gives  a  measure  of  round  reliability. 

At  periodic  intervale  during  the  test,  a  traffic  count  Is  recorded 
photographically.  This  la  accomplished  by  interrogating  on  Mode  a 
over  several  complete  scans  and  photographing  the  PPI  display  scope. 

To  make  the  task  of  counting  traffic  on  these  photographs  somewhat 
easier,  the  fruit  Is  eliminated  from  the  PPI  by  passing  the  decoder 
ouepue  through  a  defruiter  before  display 

In  the  data  processor,  Che  Mode  D  re>  ies  are  gated  by  the  pro¬ 
cessed  area  gate.  The  data  processor,  In  effect,  splits  the  azimuth 
portion  of  Che  area  gate  into  an  early  gate,  a  dwell  gate  and  a  late 
gate.  It  accomplishes  this  digitally  by  counting  PRF  triggers.  The 
number  of  triggers  contained  in  the  early-late  gates  and  the  dwell 
gate  are  adjustable  by  means  of  thumb-wheel  switches.  The  purpose 
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c f  this  arrangement  la  to  provide  guard  gaces  around  the  dwell  gate 
to  Insure  that  the  data  In  the  dwell  gate  la  valid,  l.e.  that 
the  interrogations  and  replies  occured  on  the  peak  of  the  antenna 
beam  and  not  on  the  steep  sides  of  the  beam  where  the  data  could  be 
invalidated  by  low  signal  strength  either  in  the  interrogation  or 
the  response.  As  an  illustration,  assume  the  antenna  rotation  rate  is 
10  r/min.  Since  the  nominal  beam-width  is  2.5°  and  the  repetition 
rate  is  238, 

— -  k-'-— •  x  258  x  2.5  ~  10  Interrogations  per  beam-width. 

I U  X  JGU 

are  produced.  The  azimuth  gate  is  then  set  wide  enough  to  provide 
30  interrogations  and  the  early-late  gates  and  dwell  gate  are  sec 
for  10  interrogations  each.  A  tracking  criterion  is  then  set  In  the 
data  processor,  by  means  of  a  thumb-wheel  switch,  whereby  the  early- 
late  gates  mist  have  some  specified  number  of  replies,  e.g.  two 
out  of  the  ten  interrogations  (m  cut  of  n),  before  che  data  In  the 
dwell  gate  is  accepted.  If  two  replies  are  not  present  in  the  early- 
late  gate,  the  dwell  gate  data  is  tagged  as  invalid.  This  system 
insures  chat  poor  tracking  will  not  be  mistaken  for  poor  round 
reliability.  If  the  cracking  operator  does  not  keep  che  cracking 
gate  centered  on  the  target,  there  may  be  missing  replies  in  the 
dwell  gate  due  to  low  signal  strength,  however  in  that  case,  the 
early  or  late  gate  will  not  pass  che  tracking  criterion,  two  hits 

out  of  ten,  and  che  data  will  be  tagged  as  invalid. 
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In  Figure  2-8,  Che  timing  relationships  between  the  various 
waveforms  are  shown  for  the  case  where  the  cursor  is  centered  on  the 
target.  In  Figure  2-8(b)  the  azimuth  part  of  the  area  gate,  or  sector 
gate  is  shown.  For  an  antenna  speed  of  10  r/oin,  this  waveform  is 
about  120  milliseconds  long.  The  early,  late  and  dwell  gates 
produced  by  the  data  processor  are  shown  In  (c),  (d)  and  (e)  and  the 
relationship  to  the  burst  interrogations  is  shown  in  (f).  The  reply 
from  the  target  is  shown  in  (g)  and  the  integrated  video  displayed 
on  the  slow  sweep  storage  tube  is  shown  in  (h). 

C round  Station  Data  Processor 

A  simplified  functional  block  diagram  of  the  ground  station  data 
processor  is  shown  in  Figure  2-7.  This  data  processor  generates  the 
gates  which  are  required  to  qualify,  count,  and  record  the  data 
collected  during  an  interrogator  scan.  In  addition,  the  data  pro¬ 
cessor  generates  programed  interrogation  pretriggers  which  are  sent 
to  the  interrogation  coder  input.  These  triggers  are  used  to  generate 
Mode  D  interrogations  over  a  controlled  angular  scanning  sector. 

Sector  and  Earlv-Late  Gate  Logic 

The  time  relationships  of  the  various  signals  generated  by  the 
data  processor  are  shown  in  Figure  2-8  for  the  case  where  the  manual 
tracking  cursor  is  centered  on  an  aircraft  transponder  reply  signal. 
The  corresponding  angular  relationships  are  depicted  In  Figure  2-9 
showing  the  plan  position  indicator  (PPI )' t racking  presentation. 
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Figur*  2-7  GROUND  STATION  DATA  PROCESSOR 
SIMPLIFIED  BLOCK  DIAGRAM 
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In  Figure  2-8  the  beginning  and  end  of  the  sector  gate  is 
synchronized  with  the  system  PRF  pretriggers  to  produce  a  synchronized 
sector  gate.  This  gate  Is  centered  about  the  tracking  cursor.  Sub¬ 
sequent  pretrigger  pulses  are  used  in  counters  to  divide  the  sector 
gate  into  a  precision  early  gate,  dwell  gate,  and  late  gate.  The 
widths  of  these  gates  can  be  set  co  an  Integral  number  of  PRF  periods 
by  using  front  panel  thumbwheel  switches.  The  beginning  and  end  of 
all  gates  coincide  with  the  system  pretrigger  and  therefore  will  not 
split  synchronous  responses  from  the  aircraft  transponder.  Adjustment 
of  the  relative  widths  of  the  early,  late,  and  dwell  gates  determines 
the  total  number  of  programmed  interrogations  during  the  sector. 

Figure  2— 8 C f ) ,  as  well  as  the  number  of  interrogations  which  occur 
in  each  gate.  The  gate  widths  are  normally  adjusted  for  a  givi'". 
antenna  scan  rate  so  that  the  dwell  gate  spans  the  2  dB  points  of 
the  beam  while  the  early-late  gates  are  adjusted  6o  as  to  provide 
tracking  and  data  qualification  Information  to  the  data  processor 
and  cracking  operator. 

Figure  2—8  Cr )  shows  the  area  gated  reply  video  (range  and  angle 
gated)  from  a  target  centered  on  the  tracking  cursor.  This  video 
Is  box-carred  as  shown  In  Figure  2-8(h)  and  displayed  along  with  the 
angle  tracking  gate.  Figure  2-8(i),  on  a  storage  scope.  This  display, 
along  with  the  PPI  scope  is  used  for  tracking  operator  information. 


Ground  Station  Data 


The  ground  station  functional  block  diagram.  Figure  2-7,  indi¬ 
cates  the  type  of  data  which  la  collected  during  one  interrogator 
antenna  scan.  All  data  is  converted  to  digital  data  and  Is  sent  via 
a  digital  multiplexer  to  an  incremental  magnetic  tape  unit.  The  data 
are  written  in  a  fixed  format  on  a  seven  track  IBM  compatible  tape 
at  200  bits  per  inch.  This  tape  is  compatible  with  most  computer 
systems . 

Data  recording  is  initiated  by  the  end  of  the  sector  gate.  All 
of  the  data  is  recorded  for  every  scan.  Various  flags  are  used  to 
mark  data  and/or  qualify  it  for  subsequent  data  reduction  programs. 

The  data  are  described  briefly  lelow: 

Manual  Inputs  -  This  data  is  written  as  a  header  on  the  tape 
and  consists  of  the  date,  time,  and  various  system  operating  parameters. 

Analog  Inputs  -  Coarse  range  and  azimuth  analogs  are  derived 
from  the  UPA-35  PPI  scope  tracking  circuits.  Peak  signal  is  the 
maximum  level  of  the  box-carred  video  that  occurred  in  the  sector  gate. 

Data  Flags  -  The  Bad  Data  and  Data  Log  flags  can  be  manually  set 
by  on  operator.  They  are  used  to  mark,  data  for  subsequent  action  by 
data  reduction  programs. 

The  Off  Target  flag  is  automatically  set  by  the  early-late  gate 
logic  when  the  dwell  gate  is  not  centered  on  the  target  so  as  to  meet 
a  fixed  tracking  criteria.  This  criteria  consists  of  m  replies  out 
of  n  interrogations  in  both  the  early  and  late  gates. 
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Interrogations  Per  Dwell  -  The  number  of  Interrogation  during 
the  dwell  gate. 

Scan  Counter  -  Counts  the  number  of  antenna  scans  and  is  used 
for  data  Indexing. 

Elapsed  Time  -  Recorded  as  hours,  minutes,  and  seconds  to  the 
nearest  second.  The  clock  used  in  the  tests  is  stable  to  better  than 
one  second  per  day.  It  is  started  and  synchronized  with  a  similar 
clock  in  the  aircraft  at  the  beginning  of  a  flight. 

Fruit  Per  Scan  -  The  fruit  per  scan  is  derived  from  the  bracket 
output  of  the  decoder.  The  brackets  are  deghosted  and  degarbled  as 
shown  in  the  examples  of  Figure  2-10.  In  Figure  2-11  the  resetable 
one  shot  multivibrator  does  not  begin  its  output  until  the  trailing 
edge  of  the  input  pulse  ->um  !;  retimed  with  each  new  input  pulse. 

The  1  us  one  shot  multivibrator  is  also  used  as  a  ghost  window. 

The  output  from  this  logic  is  counted  as  fruit. 

Fruit  Per  Dwell  -  The  degarbled  and  deghorted  fruit  is  gated  by 
the  dwell  gate  to  produce  fruit  per  dwell. 

Mode  D  Reply  Word  -  The  Mode  D  replies  are  processed  by  a  36  bit 
shift  register.  The  register  is  shifted  once  per  interrogation.  A 
dwell  gated  Mode  D  reply  during  the  PRF  period  sets  a  ONE  while  no 
reply  sets  a  ZERO.  Thus  the  pattern  of  replies  is  recorded  during 
the  dwell  gate  on  a  per  scan  basis.  This  data  is  qualified  by  the 
applicable  flags  described  above. 
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Airborne  Equipment  Conf lgurat ion 


The  test  aircraft  employed  ie  a  twin  engine  Cessna  310,  N6839T. 
It  carries  a  full  complement  of  navigation  and  communication  gear  and 
is  normally  equipped  with  a  standard  ATC  transponder.  For  these 
tests,  the  aircraft's  tra  sponder  was  replaced  with  a  modified  unit 
to  respond  to  Modes  3/A,  C,  and  D.  The  ATCRBS  antenna  already  on 
the  aircraft  was  used. 

Trans  nder 

The  aircraft  transponder  selected  for  this  program  is  a  NARCO 
Model  AT6 -A  transponder  with  an  extra  coder-decoder  panel  unit.  The 
transponder  I  as  passed  Technical  Standard  Orders  (TSO)  tests  by 
designated  test  np,  agencies  and  was  selected  for  the  experiment 
because  .1  its  ease  of  modification  and  ready  access  to  certain 
signal  circuits  required  for  the  purposes  at  hand. 

A  simplified  functional  diagram  of  the  modified  transponder 
cor figuration  is  shown  in  Figure  2-12.  It  is  seen  to  consist  of  a 
stano.  rd  remote  unit  (RF  and  video  circuitry)  a  standard  panel  unit, 
and  a  .tod  If  led  panel  unit. 

The  emote  ur.it  was  not  modified  except  to  pick  off  the  AGC  and 
reoly  .ate  ana.og  signals. 

ihe  standard  panel  unit  decodes  and  responds  to  normal  Mode  A 
or  C  inter 'agatir.ns  with  Mode  A  identity  code  set  in  on  its 

nanel  switches.  This  unit  was  modified  by  adding  the  gates  shown  in 


STANDARD  PANEL  UNIT 


Figure  2-12  AIRCRAFT  TRANSPONDER  CONFIGURATION 
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figure  2-12  to  pick  off  data  and  to  inhibit  its  own  operation  when 
tne  other  panel  unit  was  replying  to  a  Mode  D  interrogation.  Other¬ 
wise  its  operation  is  normal. 

The  second  panel  unit  was  modified  to  decode  and  respond  to  a 
Mode  D  interrogation.  This  was  accomplished  by  disabling  the  Mode  A 
decoding  circuitry  and  changing  the  Mode  C  (21  us)  decoding  circuitry 
to  decode  Mode  D  (25  us).  The  Mode  D  response  was  then  changed  so 
that  it  replies  with  the  disabled  Mode  A  identity  switch  setting. 
Other  changes  Include  adding  the  logic  gates  shown  in  Figure  2-12  to 
pick  off  data  and  to  inhibit  its  own  operation  when  the  standard 
panel  unit  responds  to  Mode  A  or  Mode  C. 

With  the  exception  of  the  cross-inhiblts  both  units  function  in 
their  normal  manner,  the  standard  unit  replying  tc  Mode  A  or  Mode  C 
interrogations  normally  while  the  modified  unit  replies  ch.t--  to  Mode 
D  interrogations  with  its  own  identity  code.  The  addr  .  es 

only  to  pick  off  the  required  signals  which  are  sent  to  .  -  ..-me 

data  processor  and  in  no  way  interferes  with  normal  panel  unit  logic 
operat ion. 

The  modified  transponder  and  the  data  processing  and  recording 
equipment  are  mounted  in  a  single  carrying  case  to  permit  rapid  and 
easy  installation.  A  photograph  of  the  aircraft  is  shown  in  Figure 
2-13.  The  airborne  equipment  is  shown  in  Figure  2-14  and  installed 
in  the  aircraft  in  Figure  2-15. 
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Alrborna  Data  Processor 


A  simplified  block  diagram  of  cha  airborne  data  procaaaor  la 
ahown  in  Figure  2-16.  The  purpoaa  of  thla  unit  la  to  collect,  qualify 
and  record  data  which  are  derived  from  the  airborne  tranaponder. 
Comparison  of  Figure  2-7  with  Figure  2-16  shows  that  the  ground  and 
airborne  data  processors  are  similar  In  their  operation.  The  purpose 
here  Is  to  synchronize  the  airborne  data  with  that  taken  on  the 
ground  so  that  interrogation-reply  comparisons  can  be  made. 

Airborne  Sector  and  Early-Late  Gates 

The  airborne  riming  diagram  Is  shown  in  Figure  2-17.  It  is 
required  that  the  airborne  dwell  gate.  Figure  2-17  (e),  be  exactly 
aligned  with  the  ground  station  dwell  gate  shown  In  Figure  2—1 7(a). 

In  this  manner  both  data  processors  collect  and  qualify  data  on  a 
pulse  by  pulse  basis  from  the  tame  section  of  the  scanning  antenna 
pattern. 

Sector  gate  and  early-late  gate  circuit  operation  in  the  airborne 
unit  is  Identical  with  that  on  the  ground  except  that  the  airborne 
gates  are  derived  from  a  pulsed  1  »a  clock.  This  clock  is 
pulsed  on  by  a  sector  gate  which  la  derived  from  a  two-tone  signal 
sent  to  the  aircraft  via  a  dedicated  channel  on  the  VHF  communication 
link.  The  airborne  dwell  gate  width  la  to  equal  the  giouud  dwell 
gate  width.  However,  the  airborne  aarly-late  gate  width  is  slightly 
shortened  as  ahown  in  Figure  2—17 (c )  so  as  to  ac>.  amt  for  various 
circuit  delays  through  the  synchronizing  channel.  Experience  hae 
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Figurt  2-17  AIRCRAFT  TIMING  OIAGRAM 


shown  that  ground  to  air  dwell  gate  alignment  can  be  maintained 
(within  +  0.25  ms)  over  the  useful  dynamic  range  of  the  synchroniza¬ 
tion  link. 

Similar  to  the  ground  station,  track  qualification  is  accomplished 
by  counting  the  number  of  Mode  D  reply  pulses  which  occur  in  the 
tracking  gates.  Qualification  requires  m  out  of  n  replies  in  the 
early  gate  and  also  the  late  gate.  Therefore,  the  airborne  data  may 
be  disqualified  by  the  ground  tracking  operator  being  off  target, 
low  signal  level  or  it  will  be  disqualified  due  to  false  airborne 
sector  gates  being  generated  by  interference  on  the  comnunications 
channel. 

Airborne  Data 

Airborne  data  are  derived  from  the  outputs  of  the  special  air¬ 
borne  transponder.  As  noted,  the  transponder  is  a  NARCO  Model  AT6-A 
suitably ,  modified  to  respond  to  normal  interrogations  as  well  as 
Mode  D  interrogations.  All  data  is  converted  to  digital  form  and 
recorded  on  a  high  environmental  incremental  magnetic  tape  unit  via 
a  digital  data  multiplexer.  The  data  is  recorded  in  a  fixed  format 
on  a  seven  track  IBM  compatible  tape  at  200  bits  per  inch. 

All  data  Is  recorded  for  every  scan  and  is  described  below. 

Manual  Inputs  -  Used  as  a  header  on  the  tape  for  data,  time  and 
various  operating  system  parameters. 

AGC  and  Reply  Rate  -  These  are  analog  voltages  corresponding  to 
the  transponder  reply  rate.  The  ACC  is  derived  from  the  reply  rate 
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voltage  In  the  NARCO  AT6-A  transponder  and  is  not  necessarily  a 
function  of  signal  strength. 

Data  Flags  -  Bad  Data  and  Data  Log  flags  can  be  manually  set 
by  an  operator.  The  airborne  off-target  flag  is  used  to  qualify  data 
against  ground  tracking  or  synchronization  link  interference.  All 
of  the  data  flags  are  used  to  edit  -tta  by  subsequent  data  reduction 
programs . 

Dwell  Cate  Width  -  Records  dwell  gate  width  in  milliseconds- 
used  a9  a  check  against  the  ground  station  dwell  gate  and  communica¬ 
tion  link  interference. 

Mode  D  Reply  Counter  -  Counts  the  Mode  D  replies  during  the 
airborne  dwell  gate. 

A/C  Replies  Per  Dwell  -  Counts  the  Mode  A  or  Mode  C  replies 
during  the  airborne  dwell  gate. 

A/C  Replies  Per  Scan  -  Counts  the  Mcde  A  or  Mode  C  replies 
between  airborne  sector  gates  (corresponds  to  one  scan  less  the  sector 
width) . 

A/C/D  SLS  Per  Dwell  -  Counts  Mode  A  or  Mode  C  or  Mode  D  sidelobe 
suppressions  during  the  airborne  dwell  gate. 

A/C/D  SLS  Per  Scan  -  The  above  for  one  scan. 

Scan  Counter  -  Counts  the  number  of  sector  gates  (scans)  used 
for  bookkeeping  and  communication  interference  checks. 
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Elapsed  Time  -  Time  Into  the  flight  la  derived  from  a  crystal 
controllad  digital  clock  accurate  to  better  than  one  second  per  day. 
The  airborne  clock  and  ground  station  clocks  are  started  and  synchro¬ 
nized  at  the  beginning  of  a  flight.  Time  is  recorded  in  hours, 
minutes,  and  seconds  to  the  nearest  second. 

Reply  Word  Shift  Register  -  Records  the  Mode  D  reply  word. 
Two-Tcne  Ground  to  Air  Synchronization  Signals 

The  purpusc  of  the  ground  to  air  tone  signal  is  to  synchronize 
data  taken  by  the  airborne  data  processor  with  that  taken  by  the 
ground  data  processor.  The  da'a  from  the  two  sources  are  compared 
or  a  interrogation  to  response  basis  in  subsequent  data  reduction 
programs. 

The  ground  to  airborne  timing  relationships  for  the  case  where 
the  ground  tracking  cursor  is  centered  on  an  aircraft  response  are 
shown  in  Figure  2-18.  The  VHF  transmitter  i9  turned  on  about  0.2 
seconds  before  the  groun  i  sector  gate  and  is  turned  off  about  0.2 
seconds  after  the  sector  sate.  Two  tones  are  used  to  modulate  the 
VHF  carrier  as  shown  in  Figure  2—18 (b) ,  a  400  Hz  tone  which  is  used 
as  an  interference  protection  gate  for  the  synchronizing  signal  and 
a  2000  Hz  tone  whtch  is  tne  synchronizing  signal  - 

The  two  tones  are  separated  in  the  airborne  unit  by  filler 
circuits  whose  outputs  are  shown  in  Figure  2-18(c)  and  (d).  The 
400  Y.z  filter  circuit  has  a  28  Hz  bandwidth  followed  by  a  0.1  second 
post  detection  integrator.  The  equivalent  narrow  bandwidth  of  this 
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used  to  protect  against  Interference  and  Impulse  noise  on 
the  VHF  communication  link.  The  2000  Hz  signal  has  an  equivalent 
brndwldth  of  1000  Hz  with  a  400  Hz  notch.  Its  output  is  used  to 
derive  the  airborne  sector  gate.  This  signal  is  gated  by  the  400  Hz 
protection  gate.  The  various  signal  levels  and  the  filter  thresholds 
are  adjusted  so  that  if  the  400  Hz  output  gate  is  present,  the 
airborne  sector  gate  will  not  vary  more  than  +  0.25  ms  due  to  signal 
to  noise  ratio  over  the  useful  dynamic  range  of  the  VHF  link.  Con¬ 
tinuous  audio  monitoring  and  gain  control  adjustment  by  an  airborne 
operator  throughout  rhese  experiments  provided  reliable  operation 
of  this  cvitical  synchronizing  link. 

The  airborne  sector  gate  is  used  to  pulse  a  1  ms  clock  in  the 
airborne  data  processor.  Early-late  tracking  gates  and  the  dwell 
gate  derived  from  this  clock  are  used  to  track,  collect,  and  qualify 
data  in  the  airborne  processor. 

Equipment  Parameters 

Table  2-1  lists  the  nominal  parameters  of  the  airborne  and 
ground  radar  equipment.  Figure  2-19  shows  the  sidelobe  suppression 
characteristic  of  the  transponder  as  a  function  of  input  level  and 
Figure  2-20  gives  the  effective  bandwidth  of  the  transponder. 
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Table  2-1 


TRANSPONDER 


Minimum  Triggering  Level 
Power  Output 
Sl.S  Dead  Time 

Mode  3/A,  C  6  D  Inhibit  Tim# 
Transmitter  Frequency 
Response  Delay  -  Leading  Edge  of  P^ 
to  Leading  Edge  of  F^ 


-72  dBm 
240  watts  peak 
35  ua 

58  us ,  70  ua ,  94  us 
^  1091  KHz 

3  us 


INTERROGATOR 

I'j  /I’j  Transmitter  Frequency 
P,  Transmitter  Frequency 

*VP3  Power 

P1/P3  Pulse  Width 
?2  Power 
?2  Pulse  Width 

Repetition  Rate  (Specified  by  FAA) 

VSWR  P1/P3  Line 
VSWR  P2  Line 

Receiver  Senaitivlty 
P,  Receiver  Sensitivity 
P  /F  Receiver  Plus  Decoder  Senaitivlty 


1030  MHz 
1030  MHz 
1200  watts  peak 
0.9  ua 

1600  watts  peak 

0.9  ys 
258  Hz 
1.15 
1.10 

-91  dBm 
-90  dBm 
-84  dBm 
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SECTION  III 


FLIGHT  PLANS 


Tin*  selection  of  appropriate  flight  patterns  for  ATCRBS  perfor- 
rtan.-t'  data  acquisition  Is  governed  by  a  number  of  considerations. 

•:<  v  or.btra luts  In  the  New  York  metropolitan  area,  including  the 
.uwiv  implemented  Terminal  Control  Area  (TCA)  concept,  motivated  the 
sviecti'n  of  VFR  flights  to  provide  a  sufficient  degree  of  flexibility 
1.  planning*  Imp  Hi  it  in  the  selection  of  VFR  flights  18  the 

r  ;.i  ■.  >  eiaent  ol’  avoiding  the  penetration  of  the  TCA  voluntc  during  the 
f 1  gh i  tests.  To  simplify  target  tracking  and  to  obtain  a  relatively 
■it.it  i  ,'f.  irv  signal  ampll tudc,  constant  speed,  experimental  interrogator 
centered,  circular  flight  patterns  were  selected  as  being  most  appro¬ 
priate.  To  avoid  severe  loss  of  signal  caused  by  antenna  pattern 
vert  leal  lobe '‘oils  (destructive  interference  of  direct  and  multi-path 
reflected  signals),  flight  radius  and  altitude  combinations  were  chosen 
corresponding  to  the  vertical  lobe  peaks.  To  complement  the  circular 
flight  contours,  radial  flight  paths  ware  added  to  the  flight  plans. 
1!..-  directions  of  the  radial  segments  were  selected  to  be  parallel 
t  -  the  existing  approach  and  departure  corridors  of  the  nearby  JFK 
airport  to  maximize  the  mainlobe  fruit  collected.  Horizon  coverage 
and  transponder  antenna  aspect  angle  consideration*  were  taken  into 
a.. c  isi.t  in  the  selection  cf  the  range,  altitude  and  speed  of  the 
test  flights.  Two  major  flight  pattern  geometries  were  chosen. 
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One  geometry  consisted  of  fllghta  bayond  the  maximum  radiua  of  the 
TCA  at  a  range  of  36  n.nl.  and  at  an  altitude  of  7500  feat.  The 
second  geometry  required  flying  above  the  top  of  the  TCA  at  an 
altitude  of  9000  feet  at  a  range  of  18  n.nl.  In  the  latter  flight 
regime  several  active  Interrogator  altes  SLS  coverage  regions  are 
penetrated  during  the  flight.  These  are  regions  within  which  detect¬ 
able  sldelobe  Interrogations  are  likely. 

Aircraft  Considerations 

From  a  data  acquisition  viewpoint  It  is  desirable  to  collect  as 
manv  measurement  samples  as  possible  during  an  interval  In  which  the 
ATCRBS  environment  is  essentially  stationary.  It  can  be  shown  that 
significant  changes  In  the  angular  distribution  of  air  traffic  occur 
in  intervals  of  from  5  to  10  minutes.  A  vehicle  which  could  follow 
the  centroid  of  a  localized  cluater  of  air  traffic  would  be  ideal 
from  the  standpoint  of  parameterized  data  collection  i.e.  data 
collection  over  intervals  where  one  or  more  system  parameters  are 
held  steady  to  observe  the  effects  of  Ithe  remaining  parameters. 
Although  it  is  not  possible,  in  an  uncontrolled  experiment,  to  pre¬ 
dict  the  details  of  general  air  traffic  movement  It  was  felt  that 
an  experiment  aircraft  which  could  keep  pace  with  the  traffic  would 
be  adequate.  A  four  seat  Cessna  310,  capable  of  cruising  at  150  knots 
with  dual  controls  and  space  for  the  logging  equipment  and  a  tech¬ 
nician,  was  selected  for  this  experiment.  The  operating  celling,  for 
the  Cessna,  which  Is  unpressurized  19  approximately  12  to  14  kllofeet 
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above  sea  level.  Flight  altitude*  were  chosen  on  the  baaia  of 
vertical  loblng  consideration*  rather  then  the  maximum  attainable 
altitude.  Due  to  fuel  capacity,  maximum  tracking  rang*  and  flight 
origin  constraints  it  was  felt  that  a  maximum  of  2  to  2  1/2  hours 
of  recorded  flight  data  could  ba  obtained  during  each  flight. 

Detailed  Flight  Pattern* 

Figures  3-1,. 3-2  and  3-3  depict  the  time-position  hiatory  or 
t r.-ij color y  of  the  experimental  aircraft  during  the  three  flights  in 
t ;-.t  New  York  metropolitan  area.  The  numbers  along  the  trajectories 
fvij  •  ■■spoml  to  the  time  (hours,  uinutts  and  aeconds)  into  the  flight 
foi.t.  The  first  flight  occurred  on  Uedneaday  February  9,  1972.  Ita 
tr.i.ii  wlury ,  illght  pattern  A,  consisted  of  a  18  n.ml.  aemi-clrcular 
arc  with  radial  extensions  parallel  to  JFK  airport  -  runway  22  as  shown 
in  tigure  3-1,  at  an  altitude  of  7500  feet  that  was  flown  first 
in  the  counterclockwise  direction  then  retraced  in  the  clockwise 
direction.  On  Friday  February  11,  1972  the  second  flight  occurred. 

Its  trajectory,  flight  pattern  B,  consisted  of  a  36  n.ml.  200  degree 
circular  arc,  with  radial  extensions,  at  an  altitude  of  8500  feet, 

IS  Shown  In  Figure  3-2.  The  third  flight  occurred  on  Wednesday 
February  16,  1972.  Its  trajectory  flight  pattern  C,  as  shown  in 
Figure  3-3,  consisted  of  a  combination  of  the  prevl >us  two  flight 
patterns.  Two  seml-clrcular  area  were  flown  In  the  third  flight, 
one  at  a  18  n.ml.  radius  the  ocher  at  a  radius  of  36  n.ml.  In 
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addition  two  circuits  around  two  known  active  Interrogator  sites, 
Newark  airport  and  Floyd  Ber.natt  field,  ware  Included  in  the  flight 
plan  to  Investigate  the  characteristics  of  §LS  Interrogations  taken 
at  close  range. 


SECTION  IV 


DATA  COLLECTION,  REDUCTION  AND  ANALYSIS 

Data  acquisition  events  were  acan  ordered  In  a  periodic  faoAion. 
For  2u  consecutive  scans,  burst-like  sequence*  of  Mode  0  Interrogations 
were  transmitted  at  a  PRF  of  2*8  lp*  during  the  interval  when  the 
interrogator  beam  and  the  aircraft  target  croeeed.  Every  25th  acan 
uua  devoted  cc  the  collection  of  fruit  data  in  17  twenty  degree  angular 
sectors.  In  the  eighteenth  sector,  which  contaica  tha  target  aector, 

I roll  collection  is  omitted  since  fruit  per  dwell  awaaurements  are 
made  An  that  sector.  In  tha  aequance  of  24  conaacutlve  acans  the 
Mode  D  interrogation  bursts  are  subdivided  into  three  eate  of  10 
inreirogat ions  each.  The  three  tier  intervals  containing  these  acts 
of  interrogations  are  referred  to  aa  the  early,  dwell  and  lata  gates, 
respectively.  Replies  to  the  Mode  D  Interrogations  occurring  In  the 
eurlv  and  late  gates  are  subjected  to  n  out  of  n  threshold  tests  both 
at  the  van  and  in  the  aircraft  to  establish  the  validity  of  dwell 
gate  centering  within  the  Balnlobe'-target  crossover  interval.  Scans 
in  which  eatly  and  late  gate  threshold  tests  are  failed  in  either  the 
van  record,  the  air  record  or  both  are  deleted  froa  the  processed 
records.  The  recorded  data  which  relates  to  events  occurring  during 
the  dwell  gates  Include; 
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Van  Tap* 


Mode  D  Interrogation*  per  dwell 

Fruit  per  dwell 

Van  track  statue  flag 

Target  range 

Tat  get  azimuth 

Tealc  Interrogator  receiver  video 

luti-rrcg.itor  reply  word  sequence  (presence  or  absence  of 
individual  replica) 


Aifn.<t[  Tape 

Au:'  Voltage 

Transponder  Mode  U  replies 
Mode  TA/C  replies  per  dwell 
Sldel-'he  suppressions  per  dwell 
Airborne  track  status  llag 
Duel  l  gate  v  id  lit 

Transponder  reply  word  aequence  (aaynchrenoua) 

In  the  interval  between  auccesatve  dwella  lha  following  scan 


related  datv  are  recorded: 


Van  Tape 

Fruit  per  scan 
S».an  number 

Elapaed  time  in  hours,  rainuraa  and  aeconda 
Alt  Tape 

Mode  3A/C  replies  per  scan 
Si.lelobe  suppressions  per  scan 
Scan  number 

Elapsed  time  in  hours,  minutes  snd  aecond* 

In  the  25th  scan  following  the  sequence  of  24  consacutivt  Mode  D 

interrogation  scans  the  van  tap#  recorder  record#. 

Fruit  per  angular  sector 
Sector  aziSHith 
Data  Status  flag 

Elapsed  time  in  hours,  minutes  and  aeconda 
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The  rev  van  and  air  tape  recordings  which  are  written  in  a 
mixed  blnarv  and  BCD  format  with  an  irregular  packing  density  are 
unpacked  fron  tne  capes  with  a  compatible  assembly  language  routine. 

A  PDP-B  minicomputer  listing  ef  the  raw  data  tape  recordings  is  aade 
initially  for  qulck*look  analysis  and  establishing  the  segments  to  be 
subleeted  to  further  processing  on  the  IBM  370/155  central  processor. 
The  sequence  of  major  j:*M-370/155  processing  steps  includes;  assembly 
language  unpacking  of  dual  tapes,  sorting  of  sector  data  for  angular 
fruit  distribution  analysis,  filtering  out  poor  and  •  roneous  dwell 
iid i a  based  on  track  criterion  thresholds,  data  quality  flags,  time 
correspondence  and  spurious  air  tape  frames.  Spurious  air  tape  frames 
s:  e  «i.-  casicuiuilv  ger.er.itec  by  conrunicatiois  channel  interference 
which  cause  the  false  triggering  '  .e  data  logging  units.  A  < ample 
of  filtered  data  is  shown  in  Table  entttled  Van  Data  Elements  and 
in  Ti-ble  4-2  entitled  Airborne  Data  Elements.  After  the  data  filtering 


operation  a  series  of  statistical  analysis  operations  are  performed 
which  produce  sample  cumulative  probability  distributions,  sample 
statistical  moments  (means,  standard  deviations,  etc.),  correlation 
coefficients  and  linear  least  mean  square  regression  analysis  for  each 
of  the  following  eleven  measured  or  derived  ATCRBS  variables: 
Transponder  reply  ratio  (up-link  performance  parameter) 

Round  reliability  (two  way  overall  performance  parameter) 


Interrogator  population  count 
Mode  3A/C  replies  per  scan 
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BEST  available  copy 


Table  4-1  VAN  DATA  ELEMENT S 
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Table  A-2  AIRBORNE  DATA  ELEMENTS 


Sidelobe  suppressions  per  scan 
Fruit  per  dwell 


Mode  3A/C  replies  per  dwell 
Sidelobe  suppressions  per  dwell 
Effective  interrogation  rate 
i»arbit»  (down-link  interference) 

Fruit  per  scan 

"he  interrogator  popular  ion  data,  are  generated  from  a  geometric 
’  vs  is  subroutine  which  identifies  and  sums  the  number  of  interro- 
•v  f  '  within  the  horizon  coverage  of  the  aircraft'  at  all  positions 
interest.  The  effective  interrogation  rate  is  another  derived 
AiVFhS  vuriabi  .  which  is  extracted  from  a  sampled  transponder  AGC 
svstem  voltage  level  (called  the  reply  rate  voltage)  which  has  been 
calibrated  previously  against  uniform  interrogation  rate  test  signals 
duriui*  initial  transponder  laboratory  bench  tests.  The  garble 
variable  is  inferred,  rather  than  directly  measured,  as  the  difference 
between  transponder  Mode  D  replies  and  interrogator  Mode  D  decoded 
replies  per  dwell.  A  comparison  of  interrogator,  transponder  and 
garble  (derived)  reply  word  sequences  for  a  segment  of  the  2-9-72 
flight  is  made  in  Table  4-3. 

Further  statistical  analysis,  of  i  sured  data  is  performed  in 
the  form  of  hypothesis  testing  procedures  which  determine  whether 
a  given  ATCRBS  variable  may  be  characterized  by  a  known  stochastic 
process.  Three  hypothesis  distributions  are  used  in  these  tests: 
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TABLE  4-3 

COMPARISON  OF  AIRBORNE,  VAN  AND  GARBLE  REPLY  WORD  SEQUENCES 

FLIGHT:  2-9-72  TIME  SPAN  0:16:08 

0:27:24 


VAN  REPLY  WORD 

A/C  REPLY  WORD 

GARBLE 

■  1 l0 1 10110 

111110111 

001000001 

lUlllllU 

lllllllll 

000000000 

1U11 10101 

111111101 

000001000 

0011 11 ii 11 

011111111 

000000000 

i 1 lililll 

llillllll 

000000000 

.>01J001011 

010101011 

000100000 

110111111 

lllllllll 

001000000 

), >10111011 

lllllllll 

101000100 

■  iO  1 1  iio  ill 

011110111 

000000000 

. ! 50111 101 

110111111 

000000010 

i  1 10 11011 

lllllllll 

O0O1CO1OO 

Oil! 110110 

ii  Li  i  mi 

000001001 

. i i l : 1 i ioi 

IliilllOl 

000000000 

11 1  Hi  10 11 

111111011 

000000000 

!  1 11 1 J.  .1101 

ii  i  mill 

000000010 

01 1  mi  111 

lmuin 

000000000 

1 illLOOi 11 

111100111 

000000000 

•101  ill  1101 

111111101 

100000000 

01 11 101101 

llllOilOl 

ooocooooo 

join  uooi 

011111101 

000000100 

i  i  1  mini 

lllllllll 

000000000 

11 1 1111110 

ilium: 

000000001 

11 101 11011 

111111011 

001000000 

0111111111 

lllllllll 

oooooocoo 

0101010110 

101010111 

000000001 

lillllllll 

lllllllll 

000000000 

111  I L 1 1 1 0 1 

111111101 

000000000 

1111111110 

lllllllll 

000000001 

5.0011 1 1110 

011111110 

010000000 

0101011111 

101011111 

000000000 

1110111111 

110111111 

000000000 

lillllllll 

lllllllll 

000000000 

1! 11111111 

lllllllll 

000000000 

ill  1100110 

111100110 

000000000 

GOllllOlll 

011110111 

000000000 

» lllllllll 

lllllllll 

000000000 

1111111110 

lllllllll 

000000001 

Olilllllll 

lllllllll 

000000000 

1110011010 

110011010 

000000000 

1010101011 

010101011 

000000000 

*A/C  and  Garble  words  show  last  nine  bits  of  a  possible  10  bit 
frequence  due  to  an  offset. 
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the  normal  distribution,  the  Poisson  distribution  and  the  binomial 
distribution.  Hypothesis  testing  results  reported  on  in  this  paper 
can  be  a  significant  aid  in  ATCRBS  simulation  and  modelling  studies. 
ATCRBS  Physical  Environment 

At  10  minute  intervals  during  the  recorded  protions  of  each  of 
th:'  throe  test  flights  the  sequence  of  unique  Mode  D  interrogation 
hursts  was  interrupted  and  Mode  3A  and  C  interrogations  were  generated 
continuously  for  several  scans.  During  these  intervals  two  photo¬ 
graphs  of  the  PPI  scope  display,  showing  the  defruited  replies  to 
the  Mode  3A/C  interrogations,  were  taken.  Periodic  photographs  were 
taken  both  at  the  Floyd  Bennett  Pield  test  interrogator  site  and  at 
th<;  display  console  in  the  JFK  International  Airport  tower.  The  JFK 
airport  tower  display  is  derived  from  the  defruited  output  of  the 
JFK  Interrogator.  Two  range  scales  were  used  on  the  van  PPI  scope 
photographs,  one  covering  a  range  of  SO  n.mi.  with  five  10  n.mi.  rings, 
the  other  covering  160  n.mi.  with  eight  20  n.mi.  rings.  The  JFK  dis¬ 
play  covered  SO  n.mi.  with  no  scale  markings.  A  comparison  of  the 
Mode  3A/C  beacon-equipped  air  traffic,  targets,  as  seen  by  each  0-50 
n.mi.  Interrogator  display  is  shown  in  Figure  4-1  for  the  flight  of 
Wednesday,  February  9,  1972.  The  origin  of  the  time  scale  corresponds 
to  1345  EST. 

The  radial  distributions  of  air  traffic  in  the  160  n.mi.  radlua, 
which  were  monitored  on  the  van  interrogator  PPI  display,  during  four 
periods,  each  of  which  was  approximately  two  hours  long,  on  Wednesday 
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BEACON  EQUIPPED  TRAFFIC  COUNT  TAKEN 


February  9,  1972,  Friday  February  11,  1972,  Wednesday  February  16, 

1972  and  Tuesday  February  22,  1972  are  shown  in  Figures  4-2,  4-3, 

4-4  and  4-5.  There  exists  a  marked  similarity  among  these  graphs 
in  that  the  median  range  is  about  50  n.ml.  on  each  plot.  Equally 
significant  is  the  observation  that  30  to  40  percent  of  the  air 
traffic  is  contained  within  a  30  n.mi.  radius  of  Floyd  Bennett  Field, 
■'h:ch  is  the  region  from  which  fruit  replies,  occurring  in  the 
antenna  sidelobes,  originate.  Although  most  of  the  air  traffic  lies 
outside  of  this  region  it  is  more  likely  that  the  observed  peaks  in 
rr.~  angularly  sampled  asynchronous  fruit  replies,  collected  by  the 
interrogator  receiver  (see  Figures  111  through  121  in  Appendix  III), 
are  caused  by  the  chance  multiple  illumlriition  by  other  interrogators 
of  the  targets  within  the  sidelobe  region  of  the  experimental  interro¬ 
gator  than  by  the  simultaneous  illumination  by  several  interrogator 
beams  of  the  same  target  region. 

With  a  data  bank  of  known  Interrogator  geographic  positions  it 
was  possible  to  write  a  computer  program  to  determine  the  number  of 
interrogators  which  are  within  the  horizon  coverage  of  the  instan¬ 
taneous  experimental  aircraft  position.  Aircraft  position  is  deter¬ 
mined  from  the  recorded  altitude,  range  and  azimuth.  The  latter  two 
quantities  are  extracted  from  the  tracking  range  and  azimuth  gate 
positions  on  a  scan-by-scan  basis.  Due  to  problems  with  the  azimuth 
encoder,  shaft  coupling  slippage,  only  the  2-16-72  flight  contained 

reliable  azimuth  estimates  and  hence  reliable  interrogator  population 

counts  and  reliable  angular  fruit  distribution  measurements.  Interrogator 
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population  counts  averaged  over  10  minute  intervals  during  the  36 
n.m.i.  semi-circular  portion  of  the  2-16-72  flight  were  between  34.1 
and  48.9 

The  random  spacing  and  interference  of  the  ensemble  of  Mode  1, 

2,  3A/C  interrogation  pulse  trains  present  at  the  transponder  antenna 
input  terminals  occasionally  simulate  Mode  D  interrogations  which 
are  otherwise  unique  in  the  environment.  The  transponder  decoder 
which  Is  programmed  to  respond  to  any  pair  of  pulse-llke  signals 
with  a  25  us.  Mode  D,  PI  to  PJ  pulse  separation,  is  likely  to 
erroneously  indicate  the  presence  of  a  Mode  D  interrogation  when  a 
pait  of  spurious  pulses  caused  by  TACAN  or  ocher  L-band  transmissions 
arrive  at  the  transponder  with  the  proper  spacing.  The  time  history 
of  tlu>  excess  Mode  D  replica  due  to  spurious  Mode  D  interrogations 
collected  during  the  filtered  antenna  dwell  peiiods  for  the  three 
flights  in  the  New  York  area  is  summarized  in  Table  4-4. 
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MODE  1)  SPURIOUS  OCCURRENCES 
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